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Foreword

Anterior cruciate ligament (ACL) rupture is one of the most frequent orthopaedic

sports-related injuries. An ACL injury can be devastating, particularly for a young

athlete where high-level participation in strenuous sports is usually not possible

without surgical reconstruction of the ACL. Furthermore, the long-term develop-

ment of knee osteoarthritis is common. It is therefore extremely important to

continue to develop new approaches to reconstruct the ACL, striving to provide

patients with the best potential for a successful outcome, aiming to maintain both

long-term knee health and quality of life.

Historically, ACL reconstruction was performed via an arthrotomy, with the goal

to reproduce the native anatomy of the ACL. However, as with all modern surgery,

minimally invasive surgical techniques were introduced in knee surgery, which

subsequently led to the development of arthroscopically assisted ACL reconstruc-

tion. Arthroscopic ACL reconstruction was first performed using a two-incision and

later a one-incision technique. Both techniques were fast and efficient, but unfortu-

nately neither was consistent with respect to reproducing the native ACL anatomy.

Surgeons attempting to learn the new, minimally invasive arthroscopic techniques

characterized the early 1990s. However, the major advancements made with the

introduction of arthroscopic ACL surgery were partially offset by new problems.

Most of these problems pertained to the failure to restore anatomy.

Although ACL anatomy was described in detail as early as 1836 by Weber and

Weber, the initial arthroscopic ACL reconstruction techniques did not accurately

reproduce this native anatomy. For example, the Weber brothers described two

functional bundles of the ACL, but the proposed techniques to reconstruct the ACL

restored only one bundle. It was not until the 1990s that an arthroscopic method for

double-bundle ACL reconstruction was described and popularized in Japan, under

the direction of great pioneers such as Prof. Muneta as well as Prof. Yasuda, Prof.

Ochi, Prof. Shino and Prof. Kurosaka. The efforts of these leaders in the field

allowed us to take a more critical look at ACL anatomy.

These great surgeons, together with an excellent panel of their peers, have put

together this outstanding book which presents detailed information on surgically

relevant anatomy and histology of the ACL, biomechanics, diagnostics, surgery and
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rehabilitation. The anatomy section describes in detail the location and shape of the

ACL insertion site, the orientation of its fibres and the double-bundle principle. In

addition, it presents a summary of macroscopic anatomy as well as histological

observations and addresses the presence of mechanoreceptors within the ACL. In the

biomechanical section, the authors address the function of the normal ACL as well as

how knee biomechanics are altered after a partial or complete ACL injury. The

importance of the ACL remnant is also discussed here, which forms the basis for an

individualized approach to reconstruction including augmentation and remnant

preserving techniques. The biomechanics and kinematics of single- and multi-bundle

ACL reconstruction are also presented in a concise and clinically relevant fashion.

Furthermore, the authors discuss in detail the importance of the history, physical

examination and various imaging modalities used in the diagnosis and treatment of

ACL injuries including MRI and 3D CT scan. Various important surgical nuances

are addressed including graft selection, portal placement, the use of navigation,

tunnel placement, graft tensioning protocols and fixation methods.

Finally, and perhaps most importantly, this book offers future perspectives. With

the recent increase in interest for biologics in orthopaedic surgery such as platelet

rich plasma, the authors offer strategies to enhance biological tendon-bone healing.

In addition they offer a tissue engineering approach to ACL healing. Innovation is

great thing. Like these Japanese leaders, we must never be afraid to learn from our

past and seek improvement through our prior mistakes. For the future, the focus of

ACL surgery will be on encouraging such innovation as displayed in this book and

improve outcome measures to assess these new techniques.

This book is a must-read for orthopaedic surgeons as well as physical therapists

specializing in ACL reconstruction. As medical professionals we must strive to

continuously improve in an attempt to restore nature, replicate native anatomy and

provide our patients with the best potential for a successful outcome. Congratula-

tions to the editors: Prof. Ochi, Prof. Shino, Prof. Yasuda and Prof. Kurosaka on this

incredible accomplishment. I continue to be a humble, dedicated student of these

great Japanese masters.

Distinguished Service Professor

University of Pittsburgh

David Silver Professor and Chairman

Department of Orthopaedic Surgery

University of Pittsburgh School of Medicine

Head Team Physician

University of Pittsburgh Department of Athletics

Freddie H. Fu, MD, D.Sc. (Hon.),

D.Ps. (Hon.)
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Preface

The anterior cruciate ligament (ACL) of the knee is one of the most frequently

injured ligaments encountered in the field of orthopaedic sports medicine. Rupture

of the ACL is a common, serious and costly injury; it is a critical event in a career,

especially for top athletes, because ACL injuries usually require reconstructive

surgery and many months of rehabilitation. Reconstruction of a ruptured ACL has

become a common surgical treatment, and the surgical technique has evolved

significantly over the last 30 years. More than 15 years ago, the gold standard for

ACL reconstruction was the non-anatomic single-bundle technique. However,

several reports estimated that as many as 10–20% of patients had persistent pain

and rotational instability even after the surgery. Therefore, interest in anatomic

ACL reconstruction has been growing because of its higher potential to restore knee

kinematics. Over the past few years, an emerging body of evidence has shown the

importance of anatomic ACL reconstruction. Several biomechanical studies have

demonstrated the advantage of anatomic multiple-bundle reconstruction over con-

ventional single-bundle reconstruction. Anatomic multiple-bundle ACL recon-

struction can mimic more closely the normal structure of the ACL. However,

some studies show that even central anatomic single-bundle ACL reconstruction

can restore normal knee function. In addition, several recent studies demonstrated

the superiority of the anatomic rectangular tunnel technique with a bone–patellar

tendon–bone graft. Although the optimal surgical methods for ACL injury have

been controversial, it has been established that ACL reconstruction should be

anatomic.

Many Japanese orthopaedic surgeons have performed great feats in the field of

arthroscopy. Professor Masaki Watanabe is considered the founder of modern

arthroscopy. Professor Watanabe developed the first practical arthroscope. In

1974, the International Arthroscopy Association was established and Professor

Watanabe was appointed the first president of the organization. He was also

awarded the title “Father of Arthroscopy”. In addition, the superiority of

multiple-bundle ACL reconstruction was first presented and discussed heatedly

by Japanese surgeons, and Professor Freddie Fu has continuously advertised the
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merits of double-bundle ACL reconstruction. Moreover, several current topics

including the anatomy of normal ACL, quantitative measurement of the pivot

shift test and ACL augmentation (remnant-preserving ACL reconstruction) tech-

nique have become major hot topics of debate because many experimental and

clinical studies have been performed by orthopaedic surgeons in our society

(JOSKAS: Japanese Orthopaedic Society of Knee, Arthroscopy and Sports Medi-

cine). Therefore, we decided to publish a book on ACL injury and its treatment in

order to provide ACL surgeons in the world with the contents of the intense

discussion in our society.

ACL Injury and Its Treatment provides an update on a wide variety of hot topics
in the field of ACL. This book describes the latest information on the surgically

relevant anatomy and histology of the ACL, biomechanics, diagnostics and ACL

reconstruction. In addition, the book includes information on the future of ACL

reconstruction based on the recent experimental study on the treatment of ACL

injury. We would like to sincerely thank all the authors for their excellent contri-

butions to this book. Additionally, we wish to acknowledge Dr. Atsuo Nakamae,

who has helped with this project. It is our sincere hope that the book will be of

interest to its readers and will serve as an educational tool to increase their

knowledge of ACL in order to support their treatment decisions and to improve

patient care.

Hiroshima, Japan Mitsuo Ochi

Osaka, Japan Konsei Shino

Sapporo, Japan Kazunori Yasuda

Kobe, Japan Masahiro Kurosaka
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Chapter 1

Functional Anatomy of the ACL Fibers

on the Femoral Attachment

Tomoyuki Mochizuki and Keiichi Akita

Abstract The fanlike extension fibers of the anterior cruciate ligament (ACL)

adhere to the bone surface; regardless of the knee flexion angle, the fiber location

and orientation do not change, in relation to the femoral surface. However, the ACL

midsubstance fiber orientation related to the femur does change during knee motion.

The ACL femoral attachment was divided into a central area of dense fibers, with

direct insertion into the femur, and anterior and posterior fanlike extension areas. The

central area resisted 82–90% of the anterior drawer force with the anterior and

posterior fanlike areas at 2–3% and 11–15%, respectively. Among the 4 central

areas, most load was carried close to the roof of the intercondylar notch.

An anatomic variation of the lateral intercondylar ridge (LIR) was identified in

94.0% of 318 femora and the distal half of LIR was not visible in 18.4% of these

femora. The LIR was situated in the anteriormost part of the lateral condyle surface

in 8.8% and in the posteriormost part in 8.5%. The ACL attachment anterior

margin was typically located anterior to the middle and distal part of LIR.

Keywords Midsubstance fibers • Fanlike extension fibers • Lateral intercondylar

ridge • Resident’s ridge

1.1 Introduction

The size and location of the femoral attachment of ACL are controversial points.

Some studies have reported that ACL is attached to a narrow oval-shaped area on

the lateral condyle [1–4], while other studies have described that ACL is attached to

a wide area on the lateral condyle, and consequently, the posterior attachment

margin abuts the articular cartilage margin [5–9]. We have thus performed a series
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of anatomic studies to clarify this discrepancy [10, 11]. In those studies, the femoral

attachment of ACL fibers was found to be composed of two different shapes of

fibers: (1) the main attachment of the midsubstance of ACL fibers and (2) the

attachment of the thin fibrous tissue (from the midsubstance fibers and spread out

like a fan on the posterior condyle). We termed these fibers “fanlike extension

fibers” [10]. In addition, all fascicles which make up the midsubstance of ACL were

found to attach to the relatively narrow oval area on the lateral condyle [11],

although our previous study refers to these morphologies in a static phase, a knee

extension position. The purpose of the 1st study was to evaluate the morphology of

the midsubstance and fanlike extension fibers of ACL during knee motion with

reference to the femoral attachment.

For ACL reconstruction, some have created femoral tunnels in the direct attach-

ment of the midsubstance fibers [2, 12], whereas others have recommended that

they should include as much as the whole area including the attachment of the

fanlike extension fibers [13, 14]. This discrepancy can occur due to our lack of

knowledge on the transmission of the load carried by the ACL to the femoral

attachment. In some biomechanical studies in which the ACL was separated into

2 fiber bundles [15] or 3 fiber bundles [16], however, those did not use recent

anatomic knowledge of the ACL attachment. The purpose of the second study was

to clarify the load-bearing functions of the fibers of the femoral anterior cruciate

ligament (ACL) attachment in the resistance of tibial anterior drawer and rotation.

Numerous studies have assessed the positional relationship of an osseous ridge

(the resident’s ridge), on the lateral roof of the intercondylar notch with ACL

femoral attachment [17–19]. Hutchinson and Ash showed its clinical relevance as

a landmark during ACL reconstruction; they described that it was immediately

anterior to the ACL attachment [17]. In their description of the “lateral

intercondylar ridge” (LIR), Farrow et al. reported that it is distinct in all males

but less constant and less distinct in females [18]. Purnell et al. reported that LIR

passes from the roof within 3 mm of the articular cartilage edge together with

anterior fibers of the ACL attached to the posterior aspect of the ridge [19]. Unfor-

tunately, the focus of these studies was only on the proximal part of LIR. The

purpose of the third study was to determine positional variations of LIR and to

clarify relationships between both the proximal and distal parts of LIR and the

anterior margin of the ACL attachment.

1.2 Static and Dynamic Observation of the Fanlike

Extension Fibers

At full extension, both fiber types were aligned parallel to the intercondylar roof

without deviation (Figs. 1.1a and 1.2a). The midsubstance fiber attachment area

was observed to be slightly protuberant, compared with that of the fanlike extension

fibers (Fig. 1.2a). The seemingly thin and coarse fanlike extension fibers came into

4 T. Mochizuki and K. Akita



contact with the margin of articular cartilage (Fig. 1.2b). In the application of

tension to the midsubstance fibers, the tension appeared to be distributed to the

fanlike extension fibers. It was impossible to define a distinct border between the

midsubstance and fanlike extension fibers.

With knee flexion of 15 and 30�, the midsubstance fibers were slightly curved

anterior to the articular cartilage of the lateral condyle (Fig. 1.1b, c). The border

between the midsubstance fibers and the fanlike extension fibers was then distinct

(Fig. 1.2c). The location and orientation of the fanlike extension fibers, in relation to

the femoral condyle surface, did not change, due to adherence to the bone surface

(Fig. 1.2d).

With knee flexion of 45 and 60�, the curved area of the ACL fibers became an

obvious fold on the approximate line between the postero-proximal outlet point of

Fig. 1.1 Midsubstance and fanlike extension fibers during flexion–extension of the knee (From

[20] with permission)

(a) Full extension: Both fiber types were aligned parallel to the intercondylar roof without curving

(b) 15� flexion: The midsubstance fibers were found to curve slightly (arrowhead) at the postero-
proximal edge of the direct attachment of the midsubstance fibers (according to 30� flexion with

apparent fold).

(c) At 30� flexion: The midsubstance fiber degree of the curving was increased.

(d) At 45� flexion: The ACL fiber curving showed an obvious fold.

(e) At 60� flexion: The midsubstance fibers showed some twisting, and the fold deepened,

particularly at the postero-distal portion.

(f) At 90� flexion: The whole fold was deeper in the thin space between the midsubstance fibers

and the femoral condyle

1 Functional Anatomy of the ACL Fibers on the Femoral Attachment 5



the intercondylar edge and the postero-distal edge of the midsubstance attachment

of the PL bundle (Fig. 1.1d, e). At 90�, the depth of the fold increased (Fig. 1.1f).

Tension applied to the midsubstance fibers was not distributed to the fanlike

extension fibers, due to the presence of the fold.

The attachment of the midsubstance fibers was significantly smaller than that of

the fanlike extension fibers. The fold ratio (midsubstance attachment/whole ACL

attachment) was 63.7% (47.3–80.2%). The attachment area of the fanlike exten-

sion fibers was approximately twofold the midsubstance fibers.

BA

prox

post

prox

C D

Fig. 1.2 Static observation of the midsubstance and fanlike extension fibers at full extension and

at 30� of knee flexion (From [20] with permission)

(a) Both fiber types were aligned parallel to the intercondylar roof without curving.

(b) High-magnification view of ACL fibers on the lateral condyle medial wall. The fanlike

extension fibers extended to the margin of articular cartilage (arrowheads) and tended to adhere

to the medial wall; they became relatively sparse as they approached the articular cartilage.

(c) The midsubstance fibers were curved (arrowhead) and changed direction from the fanlike

extension fibers

(d) High-magnification view of ACL fibers on the lateral condyle medial wall. The fanlike

extension fibers adhered to the bone surface, with no change in fiber location or orientation in

relation to the bone surface, while the orientation of midsubstance fibers did change with knee

flexion. Arrowheads indicate the articular margin
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1.3 Histological Observation of Fiber Orientation

With the knee at full extension, the histological sections indicated that the AM bundle

of the midsubstance fibers was attached adjacent to the proximal outlet of the

intercondylar notch. The postero-proximal edge of the attachment made contact

with the margin of the articular cartilage. The thin fanlike extension fibers extended

from the midsubstance fibers of the PL bundle and attached to the postero-proximal

aspect of the lateral condyle and extended to the articular cartilage of the lateral

condyle.

With knee flexion at 120�, a fold in the midsubstance fibers was noted several

millimeters from the bone surface (Fig. 1.3a–d). The thin fanlike extension fibers

adhered to the bone surface in the same manner as that observed in the full

extension position. The angle between the fanlike extension fibers and the

midsubstance fibers was �90�. The area between the collagen fibers and the bone

in the midsubstance fiber insertion comprised a cartilaginous zone, despite that

10mma

d

prox
ant

c

b

Fig. 1.3 Histological observation of fiber orientation of the two fiber types at 120� flexion (From

[20] with permission)

The left indicates 4 oblique-axial section planes parallel to the intercondylar roof.

The fold (black arrowheads) was observed at the border between the midsubstance fibers and the

fanlike extension fibers, several millimeters away from the bone surface (a–d). The thin fanlike

extension fibers adhered to the bone surface of the lateral condyle. The insertion of the

midsubstance fibers tends to involve the cartilaginous zone between collagen fibers and bone

surface. The fanlike extension fibers tend to insert into the bone without forming transitional

cartilaginous zone
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almost all collagen fibers were directly attached to the bone in the fanlike extension

fiber insertion and a cartilaginous tissue was rarely seen between them.

1.4 Fiber Function in the ACL Femoral Attachment

A sequential cutting study was performed on 8 fresh-frozen human knees. The

femoral attachment of the ACL was divided into a central area of dense fibers which

directly inserted into the femur and into the anterior and posterior fanlike extension

areas (Fig. 1.4). The ACL fibers were cut sequentially from the bone in 2, 4, and

2 stages in the posterior fanlike area, the central dense area, and the anterior fanlike

area, respectively. Each knee was mounted in a robotic joint testing system at 0–90

of flexion; tibial anteroposterior 6 mm translations and 10 or 15 of internal rotation

were applied. The reduction in restraining force or moment was measured after

each cut.

The midsubstance fibers of the ACL (the central attachment areas E, F, G,

and H in Fig. 1.4) transmitted 82–90% of the resistance to tibial displacement

and that the large contribution of the central attachment fibers was biased strongly

toward the roof of the femoral intercondylar notch. The fibers attached to areas

G and H in Fig. 1.4, which corresponded to part of the AM bundle, provided

from 66 to 84% of the total resistance to anterior drawer across 0–90 of flexion

(Fig. 1.5). The contribution of fiber attachment areas E and F in Fig. 1.4,

Fig. 1.4 Femoral ACL

attachment partition on

lateral wall of intercondylar

notch. The outer lines are

tangent to the ACL

attachment and oriented

parallel to Blumensaat’s
line or a line between the

centers of the 2 fiber

bundles of the ACL

(anteromedial and

posterolateral). Areas A, B,
C, and D comprise the

posterior fanlike extension;

areas E, F, G, and
H comprise the central

direct attachment area; and

areas I, J, K, and L comprise

the anterior fanlike

extension (From [26] with

permission)
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which corresponded to part of the PL bundle, fell from 16% at 0 to 9% at 90.

These changes reflected the slackening of the more posterior ACL fibers with

knee flexion, which allowed more of the load to fall onto area H, which was

“close to isometric.” Similarly, the posterior fanlike extension attachment

fibers (areas A, B, C, and D in Fig. 1.4), which form a large part of the attachment

area, contributed 15% of the resistance to tibial anterior translation in the extended

knee, falling to 11% at 90 (Figs. 1.5 and 1.6).

1.5 Anatomic Variations of the Lateral Intercondylar

Ridge

A total 318 feomora were examined to determine anatomic variations of the LIR. In

addition, 20 cadavers knees, in which the anterior margin was marked by radi-

opaque silicon markers, were examined with micro-computed tomography to

evaluate the positional relationship between LIR and the anterior margin of the

ACL attachment.

Although LIR was identified in 94.0% of the 318 femora (Table 1.1), the distal

half of LIR was not visible in 18.4% of these femora. LIR was single in 96.3%,

Fig. 1.5 The percentage contribution of each area to a 6 mm anterior tibial translation (force of

the anterior cruciate ligament in intact knee was considered 100%). The percentage contribution

of zones E and F and zones G and H approximately shows that of the posterolateral and

anteromedial bundle attachments, respectively. The percentage contribution of zones G and H

was markedly greater at each angle of knee flexion (P< .05) compared with other angles

(asterisks). # Significant differences (P< .05) compared with areas E and F (From [26] with

permission)
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whereas 2 and 3 ridges were identified in 3.3% and 0.3%, respectively. Moreover,

LIR was located in the anteriormost part of the lateral condyle surface in 8.8% in

comparison with the common location and in a markedly posterior part in 8.5%.

The length–height ratio (69.9% in men, 63.6% in women) and the length between

the inlet of the notch roof and the proximal part of LIR (19.9 mm in men, 17.9 mm

in women) were significantly greater in males than in females (P¼ .0028 and

P< .0001, respectively) (Table 1.1). The anterior margin of the ACL attachment

was commonly located anterior to the middle and distal part of LIR, having the

mean marker–ridge distance of 4.2 mm.

1.6 Discussion

1.6.1 Anatomy of the Midsubstance and Fanlike Extension
Fibers

The most important finding of the present study [20] was that because the fanlike

extension fibers adhered to the bone surface, the fiber location and orientation in

relation to the femoral surface did not change, regardless of the knee flexion angle,

while orientation of the midsubstance fibers in relation to the femur did change

Fig. 1.6 Evaluation of the anterior margin of the ACL and LIR via micro-CT evaluation

(a) The medial femoral condyles and much of the notch roof have been removed. ACL is retracted

posteriorly. A radiopaque silicon marker is on the anterior margin line of the femoral ACL

attachment.

(b) In 15 of the 20 knees, the anterior margin line of the ACL, indicated by the marker, was straight

(type 1) such that the marker–ridge distance was longest (mean, 4.5 mm) at the most distal part of

the lateral intercondylar ridge (LIR). White arrow, resident’s ridge; white arrowheads, LIR; black
arrow, intercondylar notch outlet.

(c) In the remaining 5 knees, the anterior margin line of the ACL was curved (type 2) such that the

marker–ridge distance was greatest (mean, 2.8 mm) in the middle part of LIR (From [32] with

permission)
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during knee motion. These two different structures formed a fold, observed in knee

flexion, at the border between the midsubstance fibers and the fanlike extension.

There have been no reports in which fanlike extension fibers were observed in

knee flexion positions, although a few anatomic studies histologically have

observed fanlike extension fibers only at the full extension position [10, 21,

22]. The insertion of the midsubstance fibers involved cartilaginous zone, which

is regarded as the direct insertion [23]. On the other hand, the fanlike extension

fibers were directly attached to the bone without forming a transitional cartilaginous

zone, which is regarded as the indirect insertion [24]. Sasaki et al. reported similar

observations concerning the femoral attachment of the ACL [22]. This study

performed at various flexion positions provided new information, which is critical

to the understanding of the mechanism of the above-described fold formation, but

also in consideration of the function of the fanlike extension fibers.

This study demonstrated the two types of attachment margins of ACL: (1) the

relatively narrow oval attachment margin of the midsubstance fibers of ACL and

(2) the broader attachment margin of the fanlike extension fibers. The previous

studies were thus confirmed regarding the correct information on a part of the ACL

attachment. Those previous studies might have observed one or both of these two

attachment margins.

This study also showed that a deep fold was formed in the postero-proximal

aspect of the midsubstance fibers several millimeters from the bone surface as the

knee was flexed. To date, no other study has described this phenomenon or

considered its functional significance. Interestingly, some previous studies report

the fold formation can be noted in a few ACL photographs, taken at a knee flexion

position [4, 5, 9, 25], although no discussion of this phenomenon was included. The

Table 1.1 Gross observation of osseous morphology of lateral intercondylar ridge (LIR)α

Variable

Total

(N¼ 318)

Males

(n¼ 200)

Females

(n¼ 118) P Value

Presence of visible LIR, no. of

knees (%)

Present 299 (94.0) 189 (94.5) 110 (93.2) .64

Absent 19 (6.0) 11 (5.5) 8 (6.8)

Length of the LIR, mm 18.5� 3.0 19.0� 2.9 17.7� 2.9 .0005

Length–height ratio, % 67.6� 17.6 69.9� 16.9 63.6� 18.2 .0028

Ratio> 50%, no. of knees (%) 244 (76.7) 161 (80.5) 83 (70.3) .036

Ratio< 50%, no. of knees (%) 55 (17.3) 28 (14.0) 27 (22.9)

Location of the LIR, n (%)

Anterior (<60�) 28 (8.8) 13 (6.5) 15 (12.7) .053

Standard (60–90�) 244 (76.7) 155 (77.5) 89 (75.4)

Posterior (>90�) 27 (8.5) 21 (10.5) 6 (5.1)

Length between inlet of notch and

proximal part of LIR, mm

19.2� 2.6 19.9� 2.6 17.9� 2.0 <.0001

αValues are expressed as mean� standard deviation unless otherwise indicated
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above-described anatomic results suggested that the load distribution mechanism

from the ACL midsubstance to the femur is more complex than previously thought.

At the full extension position, some of the load is widely distributed to the fanlike

extension fibers. As the knee is flexed, it is the midsubstance fibers that may play a

more important role than the fanlike extension fibers.

1.6.2 Fiber Function in the Femoral Attachment

This biomechanical study [26], under the specific experimental conditions, yielded

the following: the central area resisted 82–90% of the anterior drawer force; the

anterior fanlike area, 2–3%; and the posterior fanlike area, 11–15%. Among the

4 central areas with 0–90 of flexion, most load was carried close to the roof of the

intercondylar notch: the anteromedial and posterolateral bundles resisted 66–84%

and 16–9% of the force, respectively.

Our study suggests that in ACL reconstruction, the most important fibers to resist

tibial anterior displacement attach to the central/proximal part of the femoral

attachment; this would correspond to the AM fiber bundle [4]. With knee flexion,

the contribution of the postero-distal ACL was reduced, thereby further concen-

trating the load onto the anteroproximal area. This behavior is in line with ACL

isometry and fiber length change patterns [16, 27, 28].

The mechanical findings of this study are in agreement with observations of the

higher-density collagen fibers in the more anterior area of ACL [29, 30], which

matches the variation of tensile material properties [31] as well as the microscopic

morphology of direct fiber insertions into the bone in the central band of the femoral

attachment [10, 11, 20–22]. In contrast, these data pose the question of the function

of the fanlike extension areas, since these areas seem to carry very little load though

they occupy a considerable portion of the attachment area.

1.6.3 Anatomic Variations of LIR

This study [32] highlighted the great degree of variation (both positional and

dimensional) in LIR. The distal half of LIR, when present, was not visible in

18.4%. LIR was single in 96.3%, whereas there were 2 and 3 ridges in 3.3% and

0.3%, respectively. Second, there were significant positional and dimensional LIR

differences between male and female femora. Third, despite that the LIR proximal

area showed relative correspondence with the ACL attachment anterior margin,

micro-CT analysis showed that the ACL attachment anterior margin was commonly

located anterior to the LIR middle and distal parts.

Farrow et al. reported that LIR was present in 194 of 200 human femora (97%).

However, they also described that LIR was visible in only 95 of the 194 femora,

whereas the remaining 99 (51%) did not have a visibly elevated ridge [33]. Further,
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they revealed a significant variation in the anatomy of LIR. Thus, their 2 studies

indicated that LIR, particularly the distal part, has a great degree of positional and

dimensional variation [18].

Considering LIR and ACL attachments, it has been believed that LIR completely

corresponds to the anterior margin line of the ACL attachment [7, 17, 19,

21]. Hutchinson and Ash, in canted cross-sectional sagittal section observations

of distal femur specimens, described that the resident’s ridge is located just anterior
to the ACL femoral attachment [17]. However, they did not report any measure-

ments or observe the distal part of LIR. Ferretti et al., in 3-D laser camera

assessment of osseous landmarks, reported no ACL attachment anterior to LIR

[7], although they did not observe LIR and the ACL attachment in the anterior

border simultaneously. Purnell et al. used high-resolution CT scan simultaneous

observation of LIR and the ACL attachment by Hounsfield unit scale control

[19]. However, this method may incorrectly identify the anterior margin of the

ACL because the ACL attaches to the femur by “direct” insertion (4 layers of bone,

calcified cartilage, noncalcified cartilage, and fibrous tissues) [20–22]. Therefore, it

is often difficult to simultaneously visualize the ACL attachment and LIR via

control of the Hounsfield unit scale of CT. In the present study, micro-CT

(a well-recognized scientific tool) was used to simultaneously visualize both LIR

and ACL attachment. In addition, the radiopaque line marker (anterior margin of

the ACL attachment) confirmed the relationship between the micro-CT image and

the surgeon’s observation. Therefore, this is the first study to employ simultaneous

observation of the whole LIR and the complete ACL attachment anterior margin.

1.7 Clinical Relevance Based on These Studies

This anatomic study [20] on the fanlike extension fibers and midsubstance fibers

indicated the difficulty to reconstruct the natural function of the fanlike extension

fibers by creating a tunnel at the ends of each fiber bundle, although the

midsubstance fibers can be reconstructed in such a fashion. It also provided critical

biomechanical study data [26] which clarified fanlike extension fiber biomechanics

and also facilitated the creation of mathematical models of ACL. Our biomechan-

ical study [26] also did not support the method of covering the entire ACL

attachment area with a graft [34]. Second, considering anterior laxity, the results

suggest that the femoral tunnel of single-bundle ACL reconstruction in the central/

proximal area would most closely mimic the natural restraint. Data do not confirm

reconstruction of a central “anatomic single bundle” [35, 36]. As for double-bundle

ACL reconstruction, this study indicated the creation of two femoral tunnels in the

central/proximal and central/distal areas, where the ACL attachment is most dense.

Recently, though some studies recommend creation of a femoral tunnel to

reconstruct the AM bundle of the ACL [13, 37], such a method may not achieve

reconstruction of the normal ACL in terms of function and morphology for the

following reasons. The fanlike extension fibers contributed only 15% of the
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resistance to tibial anterior translation in the extended knee, and 11% at 90. Further,

it would be difficult to reconstruct the natural morphology. However, it is the

midsubstance fibers of the ACL that transmitted 82–90% of the resistance to tibial

displacement; they can be reconstructed by such tunnel creation.

Regarding LIR variations, LIR may be useful as an osseous landmark for

conventional single-bundle reconstruction, as previously reported [17, 18,

33]. However, even the proximal part of LIR has great variations, and thus,

knowledge and skills are critical to determine the appropriate tunnel location

when encountering a knee with an invisible ridge or a ridge in an untypical position.

Most noteworthy is that the present study indicates that use of LIR as an osseous

landmark is limited in femoral tunnel creation for anatomic single- and double-

bundle reconstructions, and due to the great variations, it is often difficult for

surgeons to determine an appropriate tunnel position using LIR as a bony landmark

in these reconstruction procedures.
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Chapter 2

The Anatomical Features of ACL Insertion

Sites and Their Implications for Multi-bundle

Reconstruction

Daisuke Suzuki and Hidenori Otsubo

Abstract The anatomical features of insertion sites of the anterior cruciate liga-

ment (ACL) were reviewed and illustrated. The ACL generally had been divided

into two bundles, i.e., the anteromedial (AM) and posterolateral (PL) bundle.

However, subsequent studies suggested that the ACL could be separated into

three bundles; the AM bundle was subdivided into the anteromedial bundle lateral

part (AM-L bundle) and the anteromedial bundle medial part (AM-M bundle).

The ACL insertion sites were easily discernable by distribution of the calcified

fibrocartilage having smooth surface. In the femoral insertion, the AM-L bundle

occupies the proximo-anterior part, and the AM-M bundle occupies the proximo-

posterior part. The PL bundle occupies the distal part. In the tibial insertion, the

AM-M bundle occupies the anteromedial part, and the AM-L bundle occupies the

anterolateral part. The PL bundle occupies the posterior part.

These positional relations of the insertion sites produce the differences of each

bundle function and provide a rationale for performing multi-bundle ACL

reconstruction.

Keywords ACL insertion sites • AM-M bundle • AM-L bundle • PL bundle

2.1 Introduction

The heterogeneity of the anterior cruciate ligament (ACL) was first reported by

Palmer [1], who suggested that the parts of the ACL had different roles during

flexion-extension movement. In 1975, the anatomical study by Girgis et al. [2]

described two bundles of the ACL and observed the tensioning pattern of each
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bundle from knee extension to flexion. The anteromedial (AM) bundle was taut

through knee extension to flexion, while the posterolateral (PL) bundle was taut

only in knee extension and slack in flexion. Since then, many researchers have

examined these two bundles of the ACL. Both morphological and biomechanical

studies have confirmed that the AM and PL bundles have different stress distribu-

tions in a series of knee motions [3–5]. Norwood and Cross [6] divided the ACL

into three bundles, the “AM” bundle, the intermediate (IM) bundle, and the PL

bundle. However, their description of the femoral insertion sites of each bundle was

amended in later studies. The IM bundle occupied the superoanterior part of the

femoral insertion by fiber analysis of subsequent studies [4, 7, 8], and it was not

located at the position between the “AM” and PL bundles. In addition, Otsubo

et al. [8] mentioned that the IM bundle was coincident with the lateral part of the

“AM” bundle. The IM bundle could more easily be separated from the “AM”
bundle by loading the anterior tibial drawer. Thus, the IM bundle was named the

anteromedial bundle lateral part (AM-L bundle), and the other part of the AM

bundle was named the anteromedial bundle medial part (AM-M bundle); we use

these terms in the following section (Fig. 2.1).

Otsubo et al. [8] reported that the triple-bundle structure of the ACL was

identified in all examined knees. Some of the ACL was clearly confirmed at the

Fig. 2.1 Attachment areas of the three ACL bundles. Blue, anteromedial bundle medial part

(AM-M), anteromedial bundle lateral part (AM-L); red, posterolateral (PL) bundle. (a) Femur

sagittal view from the medial side. (b) 90� flexion of the femur. Each bundle insertion is changed

in its positional relationship between the femur and the tibia. (c) Femur oblique view from the

anteromedial side. Arrow: resident’s ridge. (d) Tibia axial view from the proximal side
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boundary between the AM-L and AM-M bundle without tension. However, in the

vicinity of the femoral insertion, the boundary was unclear in most of the examined

ACLs, while the boundary of the PLB was easier to demarcate. MacKay et al. [9]

reported that 15 of 73 knees showed three well-separated bundles on MRI. This

triple-bundle structure is seen not only in humans but also in other animals,

including both herbivore and carnivore mammals [10]. Thus, the triple-bundle

structure of the ACL is broadly distributed among mammals.

2.2 The Bone-Ligament Interface of the ACL

A bone-ligament/tendon interface was termed an enthesis, and entheses of the ACL

were classified as direct insertions, with fibrocartilage between the ligament and

bone. The direct insertion was characterized by the following four stratified struc-

tures: ligament (fibrous tissue), uncalcified fibrocartilage, calcified fibrocartilage,

and bone. A line between uncalcified fibrocartilage and calcified fibrocartilage is

termed a tidemark [11] (Fig. 2.2).

Fig. 2.2 Histology of enthesis. (a) Four stratified structures of the enthesis at the femoral insertion

(toluidine blue stain). (b) Histological section of the dried bone. The calcified fibrocartilage is

firmly connected to the bone, while the uncalcified fibrocartilage, which is superficial to the

tidemark, is completely removed (toluidine blue stain)
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The calcified fibrocartilage consisting of hard tissue is firmly connected to the

bone, and it is easily discernible because of its smoother surface [12] (Fig. 2.2).

Hence, the calcified fibrocartilage is helpful to assess the ACL insertion area. In

observation of dried bone, the calcified fibrocartilage area shows a shallow depres-

sion with a smoother surface. The anterior part of the femoral insertion forms a

small ridge at the end of calcified fibrocartilage, known as the resident’s ridge,

named by Clancy [13, 14] (Fig. 2.3), or the lateral intercondylar ridge proposed by

Fig. 2.3 Femoral insertion.

(a) Macroscopic femoral

ACL insertion. (b)

Histological section of the

dried bone. The calcified

fibrocartilage is distributed

on the insertion area

(toluidine blue stain). (c)

Histological section of the

ACL femoral insertion

(H&E stain). Open arrow,
ACL insertion; closed
arrow, resident’s ridge
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Ferretti et al. [15]. Thus, the resident’s ridge could be an important landmark to

confirm the attachment area during ACL surgery; for that reason, soft tissues around

the area have to be removed. This structure including a shallow depression and

ridge is also seen in the tibial insertion.

2.2.1 Femoral Insertion

The femoral insertion of the ACL is located around the posterior border of the

medial wall of the lateral condyle (Fig. 2.3). The insertion part forms an ellipsoid or

anterior truncated ellipsoid shape (Figs. 2.1 and 2.3). The AM bundle occupies most

of the proximal part, and the PL bundle occupies the distal part. In cases of triple-

bundle separation, the AM-L bundle occupies the anterior part, and the AM-M

bundle occupies the posterior part of the insertion of the AM bundle.

According to Ferretti et al. [15], the femoral insertion has a ridge, named the

lateral bifurcate ridge, indicating the boundary between the AM and PL bundles.

However, it is not consistently present as Zauleck et al. [16] reported that the lateral

bifurcate ridge was found 21.3% of 235 human femora, and Van Eck et al. [17]

reported that the lateral bifurcated ridge was present in 48% during arthroscopic

ACL reconstructive surgery. However, the resident’s ridge, which delineates the

anterior margin of the femoral insertion, was consistently present in 100% [13, 15,

16] and in 93.6% [16]. Takahashi et al. [18] reported that the resident’s ridgelike
structure was formed by analysis of bone remodeling based on the bony interstitial

fluid flow due to the tensile force of the ACL. Thus, the resident’s ridge was

probably produced by the ACL itself. These suggest that the resident’s ridge is a

useful landmark for creating the femoral tunnel at the time of ACL reconstruction

[19]. The resident’s ridge is more prominent in the proximal portion where the

AM-L bundle is attached, and it becomes less discernible in the distal part where the

PL bundle is attached.

Iwahashi [20] identified the direct femoral ACL attachment area histologically

and quantified the direct insertion area by superimposing the microscopic anatomy

of the region onto the three-dimensional (3D) volume rendering CT model of the

femoral condyle. According to the previous reports on the femoral insertion area by

macroscopic observation, the area averaged 131 mm2, though the value may have

been obtained from incompletely dissected specimens (Table 2.1). Kudo et al. [21]

reported that the mean area was 122.7� 0.28 mm2 by measuring the calcified

fibrocartilage area in the dried bones (Table 2.1). On the other hand, Ferretti

et al. [15], using a unique 3D measurement method, reported that the mean area

was 196 mm2, which is much greater than that in the other studies (Table 2.1).

2 The Anatomical Features of ACL Insertion Sites and Their Implications for. . . 21
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2.2.2 Tibial Insertion

The tibial insertion of the ACL is demarcated anteriorly by the anterior ridge,

posteriorly by the tibial spine, medially by the medial intercondylar ridge, and

laterally by the anterior horn of the lateral meniscus (Figs. 2.1 and 2.4). The average

tibial insertion area from the previous reports is 146 mm2, which is slightly larger

than that of the femoral insertion (Table 2.1). In addition, the strict insertion area

was scooped posteriorly by the nutrient artery of the ACL [7, 22]

The AM bundle generally attached to the anterior part of the tibial insertion,

while the PL bundle attached to the posterior part [4, 7]. Hara et al. [7] classified the

tibial insertions into two patterns depending on the direction of the boundary

between the AM bundle and the PL bundle: oblique type in 60% and transverse

type in 40%. In the oblique type, the AM fibers extended from anterolateral to

Fig. 2.4 Tibial insertion.

(a) Macroscopic tibial ACL

insertion. (b) Histological

section of the dried bone.

The calcified fibrocartilage

is distributed on the

insertion area (toluidine

blue stain). (c) Histological

section of the ACL femoral

insertion (H&E stain). Open
arrow, ACL insertion;

closed arrow, small ridge;

arrow head, Parson’s knob
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posteromedial, while the transverse pattern showed that the AM fibers were

attached in the anterior half, and the PL fibers were attached in the posterior half.

In the triple-bundle separation, the AM-M bundle occupies the medial part of the

AM attachment site, and the AM-L bundle occupies the lateral part [8] (Fig. 2.1).

The insertion area is smoother without any ridges, while its posterior margin forms

a prominent ridge, the tibial ACL ridge/tibial spine, which might function as a

pulley for the tensile force from the ACL, similar to the resident’s ridge on the

femoral side (Fig. 2.4).

The anterior border of the tibial insertion frequently has a projection termed the

Parson’s knob, which was detected in 45% of dried bone specimens [23],

suggesting that it can be helpful for proper tibial tunnel placement for ACL

reconstructive surgery [24]. This knob could be considered a kind of enthesophyte,

which is commonly seen in other tendon/ligament attachments [25].

2.3 Implications for Multiple-bundle Reconstruction

The purpose of ACL reconstruction is to restore knee stability without loss of

motion. ACL reconstruction has improved from the traditional single-bundle recon-

struction, Rosenberg’s two femoral socket (“bi-socket”) procedure, to anatomical

double-bundle reconstruction [26–28]. The anatomical double-bundle reconstruc-

tion is performed by placing the hamstring tendon grafts at the original insertions of

both the “anteromedial” and “posterolateral” bundles. This method has greater

potential to restore kinematics closer to those of the normal knee than conventional

methods [29, 30]. In addition, favorable short-term clinical outcomes with this

procedure have been reported [28, 31, 32].

Shino et al. [33] introduced the triple-bundle ACL reconstruction technique in

which the three bundles of the ACL are individually reconstructed with hamstring

tendon autografts. This technique may have much greater potential to closely

mimic not only the morphology but also the biomechanical behavior of the native

ACL [34–36]. Clinically, immediate postoperative stability was better in the triple-

bundle procedure than in the double-bundle reconstruction [37]. In addition, Suzuki

et al. [38] reported that laxity match pretension at 15� knee flexion became smaller

in the triple-bundle reconstruction than in double-bundle reconstruction. The

enlarged contact area between the graft and the tunnel wall in the three tibial

tunnels might have contributed to this improved biomechanical performance.

The anatomical and biomechanical studies reviewed in this chapter provide a

rationale for performing multi-bundle ACL reconstruction. Multi-bundle recon-

struction is much more advantageous to not only morphologically but also biome-

chanically mimic the native ACL to achieve the goal of ACL reconstruction.
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Chapter 3

Discrepancy Between Macroscopic

and Histological Observations

Norihiro Sasaki

Abstract For better clinical results of anterior cruciate ligament (ACL) recon-

struction, it is very important for surgeons to know the original femoral ACL

insertion. Previously, many anatomical studies of the femoral ACL insertion have

been performed. However, its position was described differently depending on the

report and is still controversial. In this chapter, the position of the femoral ACL

insertion is clarified from past reports and our study. Macroscopically, the femoral

ACL insertion was located at the back of the lateral intercondylar ridge. The

posterior margin of the femoral ACL insertion remained controversial. However,

there was some distance between the posterior margin and the posterior cartilage

border in microscopic observation. This difference between macroscopic and

microscopic observation was considered to be due to the ACL attaching on the

femoral lateral condyle in a fanlike manner. When making the femoral bone tunnel

during ACL reconstruction, this information is very meaningful and of help to

decide the position of the bone tunnel.

Keywords Anatomical anterior cruciate ligament insertion • Macroscopic

observation • Microscopic observation

3.1 Introduction

Previously, anatomical studies have been performed to know the position of the

anatomical anterior cruciate ligament (ACL) insertion [1–18], and the ACL can be

divided into two parts: the anteromedial (AM) and posterolateral (PL) bundles

[1]. These bundles have different functions with different lengths and force-change

patterns [19–21], and some biomechanical studies described that anatomical

double-bundle (DB) ACL reconstruction achieved equal knee kinematics to those

of the intact knee with stability of tibial anterior translation and rotation [22–24]. As

a result, anatomical DB ACL reconstruction is a widely used procedure. Femoral
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tunnel positions in anatomical ACL reconstruction are considered to be one of the

most important factors effecting knee kinematics and clinical results [23, 25,

26]. Therefore, to accurately identify the location of an anatomical ACL insertion

is very important.

3.2 The Macroscopic Observation of the ACL

The long axis of the femoral insertion of the ACL looks toward slightly forward

from the axis of the femur [1, 3] and continues from the posterior femoral cortex

[27]. Several previous studies investigated the femoral insertion of the ACL [1–3, 5,

8, 14, 16] and reported the size and area of the femoral ACL insertion. For the area,

some authors indicated a large insertion area that extends over the articular cartilage

margin, with reported value of from 100 to 200 mm2 [5, 6, 8, 10, 14]. On the other

hand, some authors showed a relatively narrow insertion area: from 65 to 130 mm2

[7, 12, 16]. Furthermore, Śmigielski et al. recently reported the average width of the

ACL was only 3.54 mm [27]. For the shape, Girgis et al. described that the femoral

ACL insertion had a straight anterior side and convex posterior side [1]. Some

authors showed that the shape of the femoral ACL insertion was more oval

[28, 29]. Other authors observed further detail of the area and size of the femoral

ACL insertion with removal of the surface membrane and described the shape of

the femoral ACL insertion as more oval and narrow and away from the posterior

cartilage margin [7, 12, 16]. Recently, the shape of the ACL insertion was reported

to be narrower and to have a ribbonlike appearance [27]. In this way, the area of the

femoral ACL insertion was described differently depending on the researchers

(Fig. 3.1). However, the presence of the lateral intercondylar ridge [10, 15, 30,

31] is widely known as the landmark to identify the ACL insertion by common

Fig. 3.1 Various ACL femoral insertions
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consensus. The ridge—the so-called resident’s ridge as coined by William Clancy

Jr.—is a bony ridge in the medial wall of the lateral femoral condyle that exists

throughout the ACL insertion from proximal to distal, reaching the articular

cartilage. Although it is also a common recognition that the ACL attaches posteri-

orly to the lateral intercondylar ridge, the posterior margin of insertion remains

controversial, as previously described (Fig. 3.2). In our macroscopic study, the

femoral ACL insertion area was narrow and oval shaped, and the average length of

the long axis was 17.7� 2.7 mm (range, 12–20 mm). They were some distance

between the posterior margin of ACL insertion and the posterior cartilage border,

and the average distance was 7.8� 1.2 mm [32]. For the length, width, and area of

the femoral ACL insertion, previous data are shown in Table 3.1.

3.3 The Microscopic Observation of ACL

The differences of macroscopic observation may lead to surgeon disruption when

deciding the femoral tunnel positions during ACL reconstruction. Therefore, micro-

scopic investigation is absolutely imperative to better understand the ACL femoral

insertion in detail.

Iwahashi et al. investigated the ACL insertion histologically and stated the direct

insertion, which was constituted of ligament fibers, noncalcified fibrocartilage,

calcified fibrocartilage, and bone located in a concave between the lateral

intercondylar ridge and the articular cartilage border [10]. Meanwhile, in our

microscopic study, the ACL insertion was found to extend between the lateral

intercondylar ridge and the posterior cartilage margin by H&E staining

(Fig. 3.3A). The direct insertion having four distinct layers was only positioned at

Fig. 3.2 Examples of the ACL femoral insertion. (A) Oval shape. The short axis of the ACL was

narrow, and there was some space between the posterior cartilage and ACL insertion. (B)

Semicircular shape. The ACL insertion was located between the lateral intercondylar ridge and

posterior cartilage. (C) Small semicircular shape. The ACL insertion area was relatively wide and

separated from the posterior cartilage [32]
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Fig. 3.3 Histology of the ACL insertion in hematoxylin and eosin staining. (A) The ACL

insertion extended from the lateral intercondylar ridge and the posterior cartilage border. The

arrowhead indicates the lateral intercondylar ridge, and the black arrow indicates the lateral

intercondylar posterior ridge. The ACL attached between the lateral intercondylar ridge and

the lateral intercondylar posterior ridge. (B) The direct insertion had a four-layered structure:

ligamentous tissue, noncalcified fibrocartilage, calcified fibrocartilage, and bone (original

magnification� 100). (C) The direct insertion with high magnification (original

magnification� 400). Chondrocytes were observed. (D) The posterior area of direct insertion

did not have a four-layered structure (original magnification� 100). The area located between the
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the central portion of the ACL insertion, supported by the previous study

(Fig. 3.3B). In the direct insertion, the chondrocytes were confirmed in noncalcified

and calcified fibrocartilage layers (Fig. 3.3C). The thickness of the calcified

fibrocartilage and bone layer (CFB) in the direct insertion was an average of

0.8� 0.3 mm. Another bony ridge, the “lateral intercondylar posterior ridge”

(Fig. 3.3A black arrow), was found and positioned at the posterior margin of the

direct insertion. However, the four-layered structure disappeared in the area poste-

rior to the lateral intercondylar posterior ridge, and the ligament fibers connected

with the cortical bone surface without the fibrocartilage layers and extended to the

posterior cartilage border (Fig. 3.3D, E). In azan staining, all collagen fibers were

stained and the cartilage layer and ligaments appeared continuous to the posterior

cartilage (Fig. 3.4A). However, in alcian blue staining, there was an unstained area

Fig. 3.3 (continued) direct insertion and the posterior cartilage border. (E) The posterior area of

direct insertion with high magnification (original magnification� 400). (F) An illustration of the

lateral intercondylar ridge (arrowhead) and the lateral intercondylar posterior ridge (black arrow).

i, ligaments; ii, noncalcified fibrocartilage; iii, calcified fibrocartilage; iv, bone [32]

Fig. 3.4 Histology of the ACL insertion. (A) All collagen fibers were stained, and the cartilage

layer and the ligaments appeared continuous to the posterior cartilage in azan staining. (B) In

alcian blue staining, the fibrocartilage layers were stained. The area between the direct insertion

and the posterior cartilage border was not stained, and calcified and noncalcified fibrocartilage

layers were positioned a few millimeters away from the posterior cartilage [32]
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between the direct insertion and posterior cartilage border, and calcified and

noncalcified cartilage layers existed a few millimeters anterior away from the

posterior cartilage border (Fig. 3.4B). A polarizing microscopy also showed the

direct insertion consisting of the four-layered structure (Fig. 3.5A), the ligament

fiber attachment without the fibrocartilage layers posterior to the direct insertion

(Fig. 3.5B), and the ligament fibers extending to the posterior joint cartilage

(Fig. 3.5C).

3.4 Discrepancy Between Macroscopic and Microscopic

Observations

There had been no studies comparing macroscopic and microscopic observations of

the femoral ACL insertion. Our study compared macroscopic and microscopic

observations of the femoral ACL insertion, and there were width differences of

the ACL insertion between the macroscopic and microscopic measurements. Mac-

roscopically, the distance from the anterior margin of the ACL insertion to the

posterior cartilage border was 12.4� 1.7 mm, while the distance from the anterior

margin of the direct insertion to the posterior cartilage border was 10.1� 1.3 mm

microscopically. The position of the macroscopic ACL insertion was more anterior

than that of the direct insertion because the distance from the posterior margin of

the ACL insertion to the posterior cartilage border was 7.8� 1.2 mm macroscop-

ically; however, the distance from the posterior margin of the direct insertion to the

posterior cartilage border was 4.4� 0.5 mm microscopically. And the width of the

macroscopic ACL insertion was narrower than that of the direct insertion (4.6� 0.7

and 5.3� 1.1 mm, respectively). The difference was considered to be due to the

ACL appearing to be the fanlike structure at its insertion site.

Fig. 3.5 Histology of the ACL insertion under polarizing microscope. (A) Observation of the

direct insertion. There was a four-layered structure (original magnification� 40). (B) Observation

of the posterior portion of the direct insertion. The ligaments attached to the bone directly without

a four-layered structure (original magnification� 40). (C) The fibers of the ACL or the ACL

membrane grew into the posterior cartilage (original magnification� 40). i, ligaments; ii,

noncalcified fibrocartilage; iii, calcified fibrocartilage; iv, bone [32]
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3.5 The Function of Each Insertion

The major function of the direct insertion is mechanical linkage between the

ligament and bone [33]. The noncalcified fibrocartilage layer has a function of

bending-control reaction to the stress that occurs when a ligament and tendon

change directions and acts as a stretching brake reaction to the tension that occurs

when muscles contract [34, 35]. The CFB interface also had a complex interlocking

pattern [36] and became deeper and more complex with greater stress [37, 38]. In

cadaveric study, the fanlike area resisted 11–15% of tibial anterior drawer force

against the fiber of the direct insertion area which resisted 82–90% of it

[39]. Another study demonstrated that the debridement of fanlike area had mini-

mum effect on the knee kinematics under anterior tibial load, and combination of

valgus and internal rotatory torque [40]. These results in biomechanical studies are

supported by the histological feature of the ACL femoral insertion, which was

demonstrated in our study.

3.6 Clinical Relevance in ACL Reconstruction

For surgeons, it is very important to accurately identify the position of the ACL

insertion during ACL reconstruction. As previously described, it would be ideal to

make the femoral tunnel on the direct insertion in the native ACL. There is a bony

concavity corresponding with the area of the ACL direct insertion, and the lateral

intercondylar ridge exists at the anterior margin of this concavity [10] and the

lateral intercondylar posterior ridge at the posterior margin of this concavity

[32]. There are no ACL insertions anterior to this ridge [6]; therefore, the lateral

intercondylar ridge has been used as the osseous landmark in anatomical ACL

reconstruction [4, 10, 15]. And another bony ridge at the posterior ACL insertion

margin has possibilities to be an osseous landmark, too. This ridge (i.e., the lateral

intercondylar posterior ridge) could be called an “expert ridge” contrasted with the

resident’s ridge. The direct insertion was extended just between the lateral

intercondylar ridge and lateral intercondylar posterior ridge. From our study, the

direct insertion is located about 4 mm away from the posterior cartilage border,

which has a narrow width (about 5 mm width), and the area which has no four-

layered structure is positioned between the direct insertion and the posterior

cartilage border; these findings are corroborated by alcian blue staining, polarizing

microscopy, and the depth of the CFB [32]. After identification of the lateral

intercondylar ridge, the bone tunnels were made at the back of this (Fig. 3.6).
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Chapter 4

Tibial Insertion of the ACL: 3D-CT Images,

Macroscopic, and Microscopic Findings

Keiji Tensho

Abstract Accurate and detailed knowledge of ACL footprint anatomy is essential

for successful anatomical ACL reconstruction. On the femoral side, the discovery

of bony landmarks led to the standardization of femoral bone tunnel construction;

however, the detailed morphology and location of ACL tibial footprint continue to

be a topic of debate, and there are still no standardized methods for tibial tunnel

construction. We previously reported the ACL tibial attachment site anatomy and

bony landmarks and compared 3D images with visual and histological evaluations.

The results from the study found a unique bony landmark surrounding the ACL

attachment site, showing the relationship of these bony landmarks and surrounding

anatomical landmarks as a useful indicator for determining tunnel positions during

arthroscopic surgery. This section will clarify the detailed anatomy and bony

landmark of the ACL tibial footprint necessary for reconstructive surgery by

reviewing our previous research in conjunction with the available literature.

Keywords Anterior cruciate ligament (ACL) • Tibial footprint • Bony landmark •

Anatomical landmark

4.1 Introduction

With the development of anatomical approach for anterior cruciate ligament (ACL)

reconstruction in recent years, a more detailed anatomical research of ACL attach-

ment has become a focus of attention. However, the morphology and location of

footprint continue to be a topic of debate, and a general consensus has not yet been

reached. We have presented a detailed report on the bony landmarks around the ACL

tibial footprint, as well as the relationship between these bony landmarks and

anatomical structures around the ACL tibial footprint [1]. This section will clarify

the detailed anatomy of the ACL tibial footprint necessary for reconstructive surgery

by reviewing our previous research in conjunction with the available literature.
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4.2 Bony Landmark Around ACL Tibial Footprint

In contrast to the femur, reports on bony landmarks of the ACL tibial footprint are

rare. Purnell et al. demonstrated in their research using 3D-CT images that there is an

absence of anterior/lateral bony landmarks in the tibia, though one can confirm the

medial intercondylar ridge in the medial border and a tibial ridge in the posterior

border of the ACL attachment [2]. Berg et al. utilized X-ray images to report an

anterior bony prominence to the ACL attachment at approximately 30% of the knee

joint called the Parsons’ knob [3]. Ziegler et al. also reported two bony landmarks, the

ACL ridge and ACL tubercle, located at the anterior border of the ACL, in addition to

the anterolateral fossa located in the lateral border [4]. Hutchinson described the

“over-the-back position (ridge)” located posterior to the ACL tibial footprint as the

most reliable and accurate bony reference for ACL tibial tunnel creation [5].

In our research, we found a bony protrusion that approximately corresponds to

the ACL footprint, located anterior to the medial and lateral tubercle and the center

of the tibial plateau (Fig. 4.1). A bony ridge (anterior ridge) medial laterally extends

anterior to the aforementioned protrusion. We believed the anterior ridge might be

the same bony structure as the “Parson’s knob”; however, this landmark does not

resemble the morphology of a knob but rather a ridgelike structure with some width.

Also, this landmark joins with the medial intercondylar ridge at the anterior border

to form an L-shaped ridge [1]. Furthermore, between the medial and lateral

tubercle, a small depression referred to as the intertubercular fossa can be con-

firmed, in addition to a lateral groove that extends anteroposteriorly. Although the

morphology of bony protrusions can be classified into two categories of oval and

triangular types, these morphological characteristics surrounding the protrusion can

be confirmed in almost all cases, demonstrating a general morphological tendency.

4.3 Anterior and Medial Side of the ACL Tibial Footprint

Soft tissues such as the synovial membrane are absent anteriorly and medially to the

ACL tibial attachment, and the border between bone and ligament is distinct. A

small protrusion observed by 3D-CT images, corresponding to the anterior ridge,

can also be grossly observed and palpated. The anterior ridge is a small protrusion

that is 1 mm in width and 10–11 mm in length, and the ACL was attached posterior

to this protrusion. Additionally, this protrusion joins together the medial

intercondylar ridge and anteromedial border, forming the anteromedial border of

the ACL footprint. The anterior ridge can also be clearly confirmed histologically,

and it can be observed that the ACL is attached posteriorly to this ridge (Fig. 4.2).
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4.4 Lateral Side of ACL Tibial Footprint

The ACL comes into adjacency with the anterior horn of the lateral meniscus under

gross observation, and parts of the ACL fiber are attached to the anterior horn with

an anterior width ranging from 1/3–1/2 of its surface. Moreover, fat and scar tissues

cover its border, and the border between the anterior horn of the lateral meniscus

and ACL attachment cannot be grossly identified. When these surface layers of soft

tissues are carefully detached, both structures are overlapped anteriorly and the

lateral meniscus slips under the substratum of the ACL posteriorly (Fig. 4.3). The

anterior horn of the lateral meniscus was attached on the base of the lateral groove

and lateral aspect of the aforementioned bony protrusion, and the attachment was

a

b

B

C
LIT MIT
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TAR

A

AMIR

AR

B

C

LSR

Fig. 4.1 (a) 3D axial

images of left knee tibial

plateau. (b) Anterosuperior

view of tibial plateau. A

(white dash line), bony
protrusion of ACL tibial

attachment; B (red dash
line), lateral groove; C (blue
dash line), intertubercular
fossa; AR anterior ridge,

MIR medial intercondylar

ridge, LIT lateral

intercondylar tubercle, MIT
medial intercondylar

tubercle, TAR tibial ACL

ridge, OBR over-the-back

ridge, LSR L-shaped ridge
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located almost anterior to the lateral intercondylar tubercle. Although the ACL

attaches anteriorly at the base of the groove, in terms of its histology, the lateral

meniscus attaches to the base of lateral groove and the lateral aspect of the

protrusion mediated by connective tissue as the attachment site moves posteriorly

(Fig. 4.4).

4.5 Posterior Border of ACL Tibial Footprint

Under gross observation, fibrous tissue was found between the medial intercondylar

tubercles, tibial ACL ridge, and ACL. A careful removal of these tissues revealed

that ligaments were attached to the medial intercondylar tubercle; however, these

ligaments were not attached to the ACL tibial ridge and the intertubercular fossa

(Fig. 4.5). The same observation was confirmed histologically, and vascular tissues

and synovial membrane were confirmed in the intertubercular fossa (Fig. 4.5). From

these findings, we can extrapolate that the main fiber of the ACL is not attached

posteriorly to the anterior margin of the medial and lateral intercondylar tubercle,

and that its posterior border is positioned relatively anterior to what has been

previously believed.

ACL

AR

Fig. 4.2 Histological

observation of anterior

margin of ACL tibial

footprint (original

magnification� 2). ACL

fiber was attached posterior

to anterior ridge. AR:
anterior ridge. Black arrow
indicates the anterior ridge
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4.6 Discussion

4.6.1 Size and Morphology of ACL Tibial Footprint

A detailed anatomical knowledge of the attachment area of the ACL is essential for

successful anatomical ACL reconstruction. In contrast to the femoral attachment,

previous studies reported various sizes and morphologies of the tibial ACL attach-

ment (Table 4.1). Girgis et al. reported 30 mm of length [6], Tállay et al. reported a

length of 19.5� 2.6 mm and width of 10.3� 1.9 mm [7], Ferretti et al. reported a

length of 18.1� 2.8 mm and width of 10.7� 1.9 mm [8], Purnell et al. reported a

anterior

posterior

LIT

MIT

MIR

AR

ACL

anterior

posterior

LIT MIT

AH                              

b

a

MM

Fig. 4.3 (a, b)

Macroscopic observation of

ACL tibial footprint. (a)

ACL and lateral meniscus

are overlapped anteriorly,

and the lateral meniscus

slips under the substratum

of the ACL posteriorly. (b)

After resection of ACL and

lateral meniscus

attachment. AH anterior

horn of lateral meniscus,

MM medial meniscus, LIT
lateral intercondylar

tubercle, MIT medial

intercondylar tubercle,

white dot area ACL tibial

footprint, blue dot area
attachment of anterior horn

of lateral meniscus
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length of 10.7� 1.3 mm and width of 7.3� 1.1 mm [2], and the morphology of the

attachment also varies by case, such as oval and triangular attachments [1]. There

were various interpretations of ACL components including single bundle [9, 10],

double bundle [11, 12], and triple bundle [13], while the arrangement of these

components at the tibial footprint was widely varied. In recent years, Siebold

reported that the ACL is a flat midsubstance with a ribbonlike anatomy and that

the tibial attachment is C-shaped [14]. These results were not only influenced by

individual difference, but also by differences in modality, age, sex, race, and body

type. Moreover, because many reports grossly observed the attachment site of the

ligament in order to determine its borders, the differences in the reviewers’ indi-
vidual interpretations greatly influenced their results. Additionally, the results may

change drastically by how the synovial membrane and fat tissues are managed,

resulting in a widely ranging analysis.

4.6.2 Anatomical Landmark for Tibial Tunnel Creation

An important factor in surgery is how to create bone tunnels that are accurate and

reproducible amid these varied tibial footprints. Thus, when creating tibial bone

tunnels, various intraoperative landmarks have been reported (Table 4.2). Tállay

et al. recommended deciding the position from the anterior border of the tibia [7],

Morgan et al. from the PCL [15], and Hutchinson and Edwards and Heming

et al. from the distance from the over-the-back ridge [5, 10, 12]. Furthermore,

there were reports that consider the intermeniscal ligament [8, 16] in the anterior

and medial tibial eminence [8] in the posterior landmarks. However, these

ACL

AC

CT

Fig. 4.4 Coronal histological section of the lateral margin of ACL tibial footprint (original

magnification� 1). The lateral meniscus attaches to the base of lateral groove and the lateral

aspect of the protrusion with connective tissue. AC: articular cartilage of lateral tibial plateau.

White dot area: connective tissue (CT) of anterior horn of lateral meniscus. Black dash line: bony
protrusion of ACL tibial footprint. Arrowhead: base of lateral groove
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landmarks are difficult to reproduce due to the fact that they are determined by the

distance from its target, making them unreliable landmarks to define an accurate

position for bone tunnel construction in the varying tibial footprint. Moreover,

recent detailed anatomical studies suggest that the posterior border of the ACL

footprint is positioned relatively anterior to what has been previously believed with

narrower bounds in the AP aspect [1, 14, 17], and a clinical application of these

traditional methods to current reconstructive procedures was difficult. We utilized

both macro-/microscopic observation and CT images to study the positions of the

attachment boundaries and its surrounding tissues in detail, and we presented a

method for bone tunnel creation with the aforementioned bony/anatomical land-

marks in order to standardize surgical management. In our study, a square structure

MIT
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posterior

ACL

AH

ACL

anterior

posterior

LIT

anterior

b

a
MM

MIT

Fig. 4.5 (a) Macroscopic

observation of ACL tibial

footprint. After removal of

fat and synovial tissues, the

ACL is attached only to the

medial intercondylar

tubercle and not attached to

the lateral intercondylar

tubercle and intertubercular

space. Main fiber of the

ACL is not attached

posteriorly to the anterior

margin of the medial and

lateral intercondylar

tubercle. (b) Axial section

of posterior border of ACL

tibial footprint (original

magnification� 4).

Vascular tissues and

synovial membrane were

confirmed in the

intertubercular fossa, and

ACL fiber was only

attached to medial

intercondylar tubercle. AH
anterior horn of lateral

meniscus, MM medial

meniscus, LIT lateral

intercondylar tubercle, MIT
medial intercondylar

tubercle, white solid line
anterior margin of the

medial and lateral

intercondylar tubercle,

white dot line anterior
margin of tibial ACL ridge
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(Fig. 4.6) consisting of the following landmarks can be observed: ACL footprint,

anterior; anterior ridge, medial; medial intercondylar ridge (anteromedial; L-shaped

ridge), lateral; and anterior horn of the lateral meniscus, posterior; in addition, the

anterior border of the medial and lateral intercondylar tubercles is invariable,

regardless of size and morphology. In our anatomical study, we believe that if

bone tunnels are positioned within this square structure, we can create bone tunnels

with reproducibility.

Table 4.1 ACL tibial insertion size and anatomical landmark by previous study

Author

Mean length� SD*

(mm) (range)

Mean width� SD*

(mm) (range)

Subject/

Methodology

Girgis et al. [6] 30 mm Cadaver/

macroscopic

Tállay et al. [7] 19.5� 2.6 mm 10.3� 1.9 mm Human/

macroscopic(14.5–24.7) (7.1–15.1)

Purnell et al. [2] 10.7� 1.3 mm 7.3� 1.1 mm Cadaver/3D-CT

(9.3–13.1) (5.9–9)

Ferretti et al. [8] 18.1� 2.8 mm 10.7� 1.9 mm Cadaver/

macroscopic(13.7–22.1) (7.4–13.1)

Heming et al. [10] 18.5 mm 10.3 mm Cadaver/

macroscopic

Kopf et al. [27] 17� 2.0 mm AM:9.2� 1.1 mm (6–11) Human/

arthroscopic(AM:9.1 mm/PL:7.4 mm)

(12–22)

/PL:7.0� 1.0 mm (4–10)

Tensho et al. [1] 13.5� 1.7 mm 11.7� 1.7 mm Human/3D-CT

(10.7–18.1) (8.6–16.8)

Siebold et al. 12.6� 2.3 mm (C-shaped) 3.3� 0.4 mm (C-shaped) Cadaver/

macroscopic(7.7–16.3) (2.5–3.9)

Table 4.2 Anatomical landmark for tunnel positioning

Author Anatomical landmark for tunnel positioning

Tállay et al. [7] Distance from anterior edge of tibia (AM, 17.2� 4.1 mm; PL,

25.6� 14.8 mm)

Morgan et al. [15] Distance from PCL (center: 6–7 mm)

Hutchinson et al. [5] Distance from the over-the-back position (center: 10.4� 2.4 mm

anterior, posterior margin of ACL tibial footprint 6.7� 1.2 mm)

Edwards et al. [12] Distance from the over-the-back ridge (center, 15� 2 mm anterior;

AM, 17� 2 mm anterior; PL, 10� 1 mm anterior)

Heming et al. [10] Tibial notch of PCL

Center: 15.0 mm anterior

Ferretti et al. [8] Anterior: intermeniscal ligament

Posterior: medial tibial eminence

Tensho et al. [1] Square model

Anteromedial, L-shaped ridge; lateral, anterior horn of lateral

meniscus; posterior, medial/lateral intercondylar tubercle
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4.6.3 Anatomical Pitfalls of Tibial Tunnel Creation

From recent studies, there are two important points that we must consider when

creating tibial bone tunnels. Firstly, the tibial tunnel position greatly affects graft

obliquity in the sagittal and coronal plane that is extremely important in obtaining

postoperative stability for ACL reconstruction. Hatayama et al. reported that

positioning the tibial tunnel anteriorly obtains better postoperative anterior knee

stability [18]. Inderhaug stated that the posterior placement of the tibial tunnel had

inferior rotational stability and clinical scores compared to anterior tibial tunnel

placement [19]. Zampeli reported a greater rotational instability of the tibia with

less oblique graft in the coronal plane and recommended a more anteromedial

placement of the tunnel on the tibial side [20]. Anterior placement of the tibial

tunnel was previously thought to induce the risk of graft failure or limitation in

range of motion due to roof impingement. However, recent studies have proved that

such risks from the anterior placement of the tibial tunnel are rather low [21–23],

and we believe that the anteromedial placement of the tibial tunnel within the

anatomical tibial footprint is a method we can endorse.

The second point is that the ACL attachment is extremely proximate to the

anterior horn of the lateral meniscus attachment. Several articles reported the

a 

LIT MIT 

AM 

PL 

b 

LIT MIT 

Fig. 4.6 Ideal tunnel position for (a) single-bundle reconstruction, (b) double-bundle reconstruc-

tion from our results.White dot line, L-shaped ridge; red line, attachment of anterior horn of lateral

meniscus; blue dot line, anterior margin of the medial and lateral intercondylar tubercle; yellow
circle, tibial tunnel for single-bundle ACL reconstruction; red circle, tibial tunnel of anteromedial

bundle for double-bundle ACL reconstruction; blue circle, tibial tunnel of posterolateral bundle
for double-bundle ACL reconstruction
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proximity of the ACL tibial attachment and the anterior horn of the lateral meniscus

attachment, and in addition, that creating a bone tunnel in the center of the

attachment site reduced the surface area, lowering the pullout strength [24–

26]. Our detailed macroscopic/histological observation also established that the

anterior horn of the lateral meniscus is positioned centrally as it runs posteriorly.

The lateral meniscus is attached on the base of the lateral groove and lateral side of

the bony protrusion, and the attachment is positioned more centrally at the postero-

lateral margin of the ACL tibial footprint and almost anteriorly to the lateral

intercondylar tubercle. Thus, surgeons should be aware that there is risk of dam-

aging the anterior horn of the lateral meniscus attachment when creating a large

bone tunnel in the center of the tibial footprint for single-bundle reconstruction and

positioning the PL bone tunnel posterolaterally to the attachment site for double-

bundle reconstruction. From the two aforementioned points, the bone tunnel should

be created anteromedially within the square structure for single-bundle reconstruc-

tion (Fig. 4.6). Like single-bundle reconstruction, the AM bone tunnel should be

positioned anteromedially within the attachment site for double-bundle reconstruc-

tion, and the PL bone tunnel should be positioned posterior, not posterolateral, to

the AM bone tunnel to avoid damaging the anterior horn of the lateral meniscus

attachment. To this end, we believe that the L-shaped ridge we have proposed may

be an important landmark for anteromedial placement of the tibial tunnel.

4.7 Conclusion

The debate in terms of the morphology and structure of the ACL has continued to

this day. The choice of graft material and tunnel position of ACL reconstruction is

dependent on how various evidences from the current anatomical literature are

interpreted. Our proposed method for tibial tunnel creation is greatly simplified, and

we believe that our results and method for tibial tunnel creation can be usefully

applied to any reconstruction technique; furthermore, we strongly believe that

accurate reproducibility of tibial tunnel creation can be achieved by its

standardization.
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Chapter 5

Mechanoreceptors in the ACL

Yuji Uchio

Abstract Proprioception is defined by Sherrington as cumulative neural

inputs originating from joints, tendons, muscles, and associated deep tissue

proprioceptors, which project to the central nervous system for processing

stimuli and ultimately results in regulation of reflexes and motor control. Several

anatomical and electrophysiological studies have clarified the significance of

mechanoreceptors in the anterior cruciate ligament (ACL). Mechanical stimuli

applied to mechanoreceptors in the ACL are converted to action potential and

transferred to the cerebrum, processing all the peripheral inputs to sense joint

position, detect movement and acceleration, and control voluntary movements. In

ACL deficiency, impairment of proprioception is indicated by knee proprioception

tests, such as reproduction of passive positioning and threshold to detect passive

motion. However, it is controversial whether and when impaired proprioception

associated with ACL deficiency can be recovered to normal levels following ACL

reconstruction. Moreover, there is no consensus on the choice of optimal surgical

method or rehabilitation program for improvement of impaired proprioception.

To enable full recovery of proprioceptive function in ACL deficiency, further

research on mechanoreceptors and proprioception is necessary to clarify these

issues.

Keywords Mechanoreceptor • Proprioception • Neurophysiology • ACL

deficiency • Rehabilitation

5.1 Definition of Proprioception

Proprioception is defined as cumulative neural inputs originating from joints,

tendons, muscles, and associated deep tissue proprioceptors, which project to the

central nervous system (CNS) for processing stimuli and ultimately results in

regulation of reflexes and motor control [1]. Initially, proprioceptive stimuli are
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received by sensory receptors, the visual system, vestibular system, and the periph-

eral mechanoreceptors, which convert the mechanical stimuli to a new action

potential [1]. The input is transferred to the CNS and processed at three levels:

the spinal cord, the lower brain, and the cerebrum. At the spinal level, the input

reacts to a fast reflex response, which regulates muscles with a closed loop efferent

activity and contributes to protect joint stability. Second, the input is transferred to

the lower brain, where the motor activities are learned, planned for timing of the

movement, and controlled. Finally, the input is transferred to the cerebrum, which

processes all the peripheral inputs to make a sense of joint position, for detection of

movement and acceleration, and to control the voluntary movements. Through

proprioception, we are able to perceive the sense of our body position and move-

ment, recognize a space, and feel the shape, size, or weight of an object, even if we

are blinded.

The anterior cruciate ligament (ACL) plays the key role of anterior-posterior and

rotatory stability of the knee joint, as a biomechanical restraint between the femur

and tibia [2]. Many studies have also shown that the ACL has a proprioceptive

function by means of the mechanoreceptors in the ACL fibers [1, 3–5]. Patients with

an ACL-deficient knee feel apprehension and/or a “giving way” while doing

movements such as cutting, twisting, stopping at a trot, or routinely descending

stairways. Surgical ACL reconstruction can restore mechanical stability of the knee

joint; however, not all patients undergoing ACL reconstruction are freed from the

sense of apprehension and/or giving way. These phenomena indicate ACL’s role as
not only a biomechanical stabilizer but also as a proprioceptive sensor.

5.2 Mechanoreceptors in the Intact ACL

Using silver staining techniques, Kennedy et al. identified rich innervation in soft

tissues of the knee and a variety of specialized receptors in the ACL obtained from

fresh amputated specimens [6]. They further showed that an experimentally pro-

duced knee effusion of a 60-cc volume resulted in a profound inhibition of

reflexively evoked quadriceps contraction in a normal knee. In 1984, Shultz

et al. demonstrated the presence of mechanoreceptors in human ACLs obtained at

the time of total knee replacement and from autopsy and amputation specimens

[7]. The presence of the axons and free nerve endings was noted using Bodian,

Bielschowsky, and Ranvier gold chloride stains. One to three fusiform mechano-

receptor structures resembling the Golgi tendon organs were detected at the surface

of the ligament. The report thus suggested that mechanical stimuli may be

converted to an action potential by these mechanoreceptor structures, transferring

to the CNS and contributing a proprioceptive function to inhibit injurious

movement.

Ultrastructure of sensory nerve endings in the human knee joints was studied by

Halata et al., and three types of nerve endings were found: free nerve endings

(FNEs), Ruffini corpuscles, and Pacinian corpuscles [8]. FNEs in the joint capsule
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are located below the synovial layer and within the fibrous layer near blood vessels.

These nerve terminals derive from myelinated A delta fibers or from unmyelinated

C fibers. Halata et al. also studied the sensory innervation of the ACL of the human

knee joint by light- and electron microscopy [9]. Connective tissues between the

synovial membrane and the cruciate ligament contain small Ruffini corpuscles and

lamellar corpuscles with several inner cores; these receptors of the ACL are

indicated to influence the muscle tone via polysynaptic reflexes.

Zimny et al. used human ACLs obtained at autopsy and identified two morpho-

logically distinct mechanoreceptors: Ruffini corpuscles and Pacinian corpuscles

[10]. Following staining by a modified gold chloride method, freezing, and sec-

tioning at 100 microns using a sliding microtome, morphometric analyses showed

that populations of mechanoreceptors are greater at the femoral and tibial ends of

the ACL and constitute approximately 2.5% of the ACL. Haus et al. demonstrated

nerves and nerve endings in the ACL by light microscopy, scanning electron

microscopy, and transmission electron microscopy [11]. Ultrastructural examina-

tion allowed a classification of nerve endings into three types: Ruffini corpuscles,

Pacinian corpuscles, and afferent and efferent FNEs. The nerve endings

corresponded to those characteristics of articular capsules. These findings suggest

evidence of a proprioceptive function of the ACL, in addition to its stabilizing

function.

Nerve supply of ACLs and of cryopreserved bone-ACL-bone allografts were

investigated by Fromm and Kummer using a rabbit model with immunohistochem-

ical methods [12]. They demonstrated that the ACL is innervated by three different

classes of nerve fibers: (1) fibers of large diameter, characterized by neurofilament

immunoreactivity, which are fast-conducting mechanoreceptive sensory afferents;

(2) fibers of small diameter, characterized by substance P immunoreactivity, which

are slow-conducting nociceptive sensory afferents; and (3) sympathetic efferent

vasomotor fibers, characterized by their immunoreactivity to the rate-limiting

enzyme of noradrenaline synthesis, tyrosine hydroxylase. However, no nerve fibers

were detected in the ACL allografts at 3 and 6 weeks. Sparse fibers were detected at

12 weeks, while the 24-, 36- and 52-week specimens showed many of all three fiber

types. No mechanoreceptors were found in the ACL allografts.

Distribution of neurofilament-containing nerve fibers and corpuscular-like end-

ings were shown by Krauspe et al. using human ACLs with immunofluorescence

staining using a monoclonal antibody against the 68-kDa neurofilament subunit

[13]. Neurofilament-containing nerve fibers were preferentially located near the

bony attachments of the ACL. Two types of corpuscular-like endings were found,

i.e., “spiral-like” (type I) and “spray-like” (type II) endings. Similar to nerve fibers,

both types of corpuscular-like endings were found mainly near the tibial and

femoral attachment sites. Most likely, the type I and type II corpuscular-like

endings serve a mechanoreceptive function involved in the sensory control of

normal movements and in stress protection.

Mechanoreceptors have been identified not only in the ACL but also in the other

structures of the knee joint. Zimny et al. demonstrated neural elements in medial

menisci obtained at autopsy by staining in bulk, using a modified gold chloride
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method [14]. Axons were seen penetrating from the perimeniscal tissue into the

outer third of the meniscus with a heavier concentration at the horns.

Assimakopoulos et al. examined innervation of human menisci from anatomic

specimens stained by a modified gold chloride method and identified FNEs in the

peripheral and the medial thirds of the meniscal body and three types of encapsu-

lated mechanoreceptors in the anterior and posterior horns [15]. Haus and Halata

found nerves and nerve endings in the synovium and interfascicular connective

tissue besides Ruffini corpuscles and Pacinian corpuscles in the ACL [16]. De Avila

et al. reported a small number of “non-Paciniform” endings identified in the human

lateral collateral ligaments, although they did not detect “Paciniform” endings [17].

Mechanoreceptors can be divided into either rapidly or slowly adapting recep-

tors [4]. Rapidly adapting receptors include the Pacinian corpuscles, nerve endings

with a conical shape, and an encapsulated tip, which are found in the joint capsule,

cruciate ligament, and menisci. They are extremely sensitive to a subtle change in

deformation of their capsule caused by mechanically applied pressure and initiate

vigorous discharge of electrical potentials that appear only during the application

and removal of the stimulus, or during acceleration or deceleration of the moving

joint [4].

On the other hand, slowly adapting receptors include Ruffini endings and several

naked tip nerve endings encapsulated thinly emerging from a single myelinated

axon, which are found in the collateral ligament and cruciate ligaments, capsule,

and menisci. They are sensitive to low-level mechanical deformation such as joint

angle, velocity, intraarticular pressure, and strains. Golgi tendon organs (Golgi

receptors), thinly encapsulated, large corpuscles, are also slowly adapting receptors,

found in the muscle tendons, the collateral and cruciate ligaments, capsule, and

menisci. They have high threshold to mechanical deformation (pressure and com-

pression) and different function existing in between the joint capsule and the

muscle’s tendon. Golgi receptors in the capsule signal the angle of the joint,

while those in the muscle’s tendon signal the force developed by the muscle

[4]. Thus, various types of mechanoreceptors are distributed in the knee joint and

muscles, which can convert the mechanical stimuli to new action potentials and

transfer them to the CNS to make a sense of joint position, detect movement and

acceleration, and control the voluntary movement. However, the relative contribu-

tions of each mechanoreceptor to proprioception remain unclear.

5.3 Innervation of the Knee Joint

Projections of inputs from the mechanoreceptors in the ACL to the CNS have been

evaluated by several modalities. In 1996, Parsch et al. used rabbit ACL and clarified

the sensory innervation by retrograde tracing technique using wheat germ

agglutinin-horseradish peroxidase and fast blue as neuronal tracers [18]. Injection

of the tracer into the ACL or into the joint cavity was followed by histo- and

immunohistochemical investigation of labeled nerve cell bodies located in the
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dorsal root ganglia. They found the segmental distribution of retrogradely labeled

neurons following injection into the ACL (L6, L7, S1) is significantly different

from the distribution pattern after injection into the knee joint (L4-S2). Thus, they

stated that the sensory innervation of the ACL is comprised of at least two different

qualities of sensory afferent nerves: (1) small neurons immunoreactive to the

inflammatory peptide substance P most likely transmitting nociceptive information

centrally (44%) and (2) large, presumably fast-conducting A-fiber afferents char-

acterized by neurofilament proteins transmitting proprioceptive information from

corpuscular mechanoreceptors (43%). In this way, the direct neural pathway from

the mechanoreceptors in the ACL to the dorsal spinal ganglia was shown.

Gómez-Barrena et al. electropysiologically demonstrated that electric activity in

the articular nerves and periarticular muscles, in response to passive motion and

anterior tibial displacement, is reduced in a cat’s knee after ACL transection and

reconstruction [19]. Further, the possibility of various patterns of periarticular

muscle reaction in an ACL-deficient knee to the unconscious perception of abnor-

mal motion was suggested. Human somatosensory evoked potentials (SEP) was

measured by Pitman et al. in the cerebral cortex upon stimulation of a peripheral

neuroreceptor in the ACL [20]. Under arthroscopy, the normal ACL was stimulated

using electrodes applied to the femoral end, midsubstance, and tibial end, evoking

recordable cortical potentials. The greatest potentials were observed upon stimula-

tion of the midsubstance of the ligament. These findings strongly support the

presence of active proprioceptive receptors within the intact ACL of the

human knee.

Knee proprioception and SEPs to stimulation of the common peroneal nerve

(CPN) were studied by Veleriani et al. in patients with ACL injury before and after

ACL reconstruction [21]. Before surgery, all patients showed decreased knee

position sense and lack of cortical P27 potential on the injured side. Arthroscopic

reconstruction of the ligament was performed but knee proprioception and somato-

sensory central conduction did not recover to normal level. However, the loss of

knee mechanoreceptors may possibly be restored by modifications of the CNS,

which are not compensated by other nervous structures.

Thus, mechanoreceptors in the ACL are believed to ascend in the dorsal columns

and project to the thalamus and sensory cortex to produce a kinematic perception,

such as a joint position sense, velocity, pressure, and acceleration or deceleration of

the moving joint. Whereas, the muscle spindle and Golgi tendon organs ascend the

spinal cord and terminate in the cerebellum, though not reaching the cerebrum,

which is meant to be subconscious. Input from the muscle spindle and Golgi tendon

organ is utilized in the management and coordination of movements in the cere-

bellum, eliciting reflexes and facilitating skill and motor control [4].

With functional magnetic resonance imaging technique (using a 1.5-T scanner),

Kapreli et al. investigated brain activation in patients with chronic ACL deficiency

and healthy controls [22]. Compared with healthy controls, patients with ACL

deficiency had diminished activation in several sensorimotor cortical areas and

increased activation in three areas: pre-supplementary motor area, posterior sec-

ondary somatosensory area, and posterior inferior temporal gyrus. Kapreli

5 Mechanoreceptors in the ACL 55



et al. concluded that ACL deficiency can cause reorganization of the central

nervous system, suggesting that such an injury might be regarded as a neurophys-

iologic dysfunction, not a simple peripheral musculoskeletal injury.

Johansson et al. stated that the knee joint ligaments contain Ruffini corpuscles,

Pacinian corpuscles, Golgi organ, and FNEs with different capabilities of providing

the CNS with information about movement and position, as well as about noxious

events [23]. Skeletomotor neurons (alpha motoneurons) are known to be influenced

only very rarely and weakly from low-threshold mechanoreceptors in the ligaments,

while the effects on the tau-muscle-spindle system in the muscles around the knee

are so potent that even ligament stretches at very low loads may induce major

changes in the responses of the muscle spindle afferents. Since the primary muscle

spindle afferents participate in the regulation of muscular stiffness, the receptors in

the knee joint ligaments likely contribute, via the tau-muscle-spindle system, to

preparatory adjustment (pre-setting) of the stiffness of the muscles around the knee

joint and thereby to the joint stiffness and the functional joint stability.

5.4 Mechanoreceptors in Remnant of Injured ACL

Several authors have investigated the presence and significance of the mechanore-

ceptors in the remnant of an injured ACL. Denti et al. studied the fate of mecha-

noreceptors in torn and reconstructed ACL using Ruffini gold chloride staining

[24]. In untreated ACL lesions in humans, morphologically normal mechanorecep-

tors remained in the ligament for 3 months after the injury. After that time, their

number gradually decreased. By the ninth post-injury month, only a few FNEs were

present. Eventually, FNEs were totally absent in the biopsy specimens from 1-year-

old lesions.

Adachi et al. examined mechanoreceptors in ACL remnants using the Gairns

gold chloride method [25]. They also investigated the correlation between the

number of mechanoreceptors in ACL remnants and the joint position sense just

before an ACL reconstruction. A positive correlation between the number of

mechanoreceptors and accuracy of the joint position sense suggests that proprio-

ceptive function of the ACL is related to the number of mechanoreceptors.

Using the gold chloride method as modified by O’Conner and Gonzares,

Georgoulis et al. investigated the presence of neural mechanoreceptors in the

remnants of the ruptured ACL [26]. Perioperatively, two types of ACL remnant

were identified. Fifteen patients had portions of ACL adapted at the PCL. In all of

these patients, mechanoreceptors (I and II) were found, and 5 patients had

mushroom-like remnants which included either none or small numbers of mecha-

noreceptors. Free neural ends were found in both patient groups. There was a

significant difference between the groups in regard to the mean number of mech-

anoreceptors I and II per slice. Therefore, they concluded that mechanoreceptors

exist even 3 years after injury in patients with an ACL remnant adapted to the PCL.

56 Y. Uchio



Immunohistochemical staining of mechanoreceptors in the tibial remnants of

ruptured human ACL were studied by Lee et al. [27]. They observed mechanore-

ceptors in the ACL remnants in 12 out of 36 cases (33%) with a total of 17 (6 Ruffini

and 11 Golgi) mechanoreceptors. No significant differences in the harvest volume,

number of sections, age, or time from injury to surgery was observed between the

12 mechanoreceptor-present and the 24 mechanoreceptor-absent ones. Although

the mechanoreceptors were detected relatively less frequent than they expected, it

was considered not to negate the necessity of remnant-preserving ACL

reconstruction.

Dhillion et al. evaluated proprioceptive potential in residual remnants from

tissue harvested from ruptured ACLs in 63 consecutive patients for evidence of

residual proprioceptive fibers using hematoxylin-eosin (H&E) staining and mono-

clonal antibodies to S-100 and NFP (neurofilament protein) [28]. Histological

examination showed good subsynovial and intra-fascicular vascularity with free

nerve endings in the majority. Morphologically normal mechanoreceptors (H&E

staining) and proprioceptive fibers (positivity with monoclonal antibody for NFP)

were found in 46% and 52.4% of the stumps, respectively. A statistically signif-

icant correlation between injury duration and persistence of mechanoreceptors and

proprioceptive fibers was noted. More fibers were seen where ACL remnant was

adherent to PCL. They stated that not shaving ACL remnants may be of benefit

during ACL reconstruction, as some re-innervation and recovery of proprioceptive

potential may be possible, thus improving clinical outcomes.

The histological features of the remaining fibers bridging the femur and tibia in

partial ACL tears were investigated by Sonnery-Cottet et al. [29]. Competent his-

tological structures including a well-vascularized synovial sheet, numerous fibro-

blasts and myofibroblasts, and mechanoreceptors were found in ACL remnants.

Especially, FNEs and few Golgi or Ruffini corpuscles were detected in 41% of the

specimens of 26 ACL remnants. These histological findings suggest that the

preservation of the ACL remnant is recommended in partial tears when ACL

reconstruction or augmentation is to be performed.

The neural pathway from mechanoreceptors in the injured ACL remnants to

cerebral cortex was proven by Ochi et al. using somatosensory evoked potentials

(SEPs) after direct electrical stimulation of injured and normal ACL during arthros-

copy [30]. They detected SEP in 15 out of 32 cases in the injured group, although

the voltages in the injured group were significantly lower than those of the intact

controls. Ochi et al. also proved this neural pathway by SEPs after direct mechan-

ical stimulation of injured and normal ACL during arthroscopy [31]. Of the

45 injured ACLs, reproducible SEPs were detected in 26. The mean difference in

anterior displacement in the SEP-positive group of the injured ACL group was

significantly lower than that in the SEP-negative group.
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5.5 Tests for Knee Proprioception

There have been several tests to evaluate knee proprioception, such as reproduction

of passive positioning (RPP) to test the joint position sense (JPS). This requires a

subject to return his or her leg actively from a free hanging position of 90� to a

previously set angle [32]. During the test, a pneumatic compression boot is placed

on each foot to reduce cutaneous input, and the subject is blindfolded to eliminate

visual cues. An angle is randomly set from 5 to 25� as the starting position; the leg is
then pulled passively by an examiner to bend the knee to a 90� angle. Accuracy in

reproduced movements is recorded as the angle difference between the returning

and starting positions [32]. Active motion reproduction has been also used

[33, 34]. Another method is to reproduce a passive motion visually on a goniometer

[35, 36]. However, the accuracy and reliability of the RPP test, though commonly

used, is uncertain [5, 36].

Threshold to detect passive motion (TTDPM) is used to evaluate kinesthesia

[32, 37, 38]. In TTDPM, a subject is blindfolded to eliminate visual cues and has

headphones with white noise to eliminate auditory cues. When a subject’s knee is
passively and slowly moved over a 5–30-s period either into extension or flexion

using a motor controlled device, the subject is required to respond as soon as he or

she detects the motion and to inform the examiner with an on-off switch. The

TTDPM, tested at slow angular velocity (0.5–2.5�/s), is considered to be the

maximum to stimulate joint receptors and the minimum to stimulate muscle

receptors [39].

5.6 Proprioception in ACL Deficiency

Proprioception in patients with ACL injuries has been studied by several

researchers. Barrack et al. firstly quantified proprioception in a group of patients

who had complete ACL tears using TTDPM and reported that threshold values for

TTDPM of ACL-deficient knees were significantly higher than those of intact

controls [38].

For TTDPM evaluation, Borsa et al. studied 29 ACL-deficient athletes to

determine whether joint position and joint motion direction have a significant effect

on proprioception [40]. Their results demonstrated statistically significant deficits

of TTDPM in the deficient limb at 15� moving into extension. And the threshold

was significantly more sensitive than at a starting angle of 45� moving into

extension. They concluded that proprioception of deficient limbs is significantly

more sensitive in the end ranges of knee extension (15�) and is significantly more

sensitive when moving into the direction of extension.

Also, proprioception of ACL-deficient knees was measured in 20 subjects and

compared with 17 age-matched control subjects by Corrigan et al. [41]. They found

diminished position sense and threshold for movement detection in the injured
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patients compared with the control group. They also showed that the proprioceptive

deficit recorded from the injured knee showed a significant correlation with the

hamstring/quadriceps power ratio recorded from the injured leg.

Using visual estimation of passive motion on a goniometer, Carter

et al. demonstrated that joint position sense (JPS) was impaired in their 50 unilateral

ACL-deficient knees, although it did not correlate with functional activity tests (hop

and figure eight run) [42], whereas Friden et al. showed a trend toward a higher

threshold for detecting a passive motion when comparing injured knees and intact

knees at 1 month, using three tests of proprioception: (1) one to determine the

TTDPM from starting positions of 20 and 40�, (2) an active reproduction of a

passive angular change, and (3) a visual estimation of a passive angular change

[43]. An impaired ability to detect a passive motion was registered for the nearly

extended knee at 1 and 2 months after a primary injury. In the active reproduction

and visual estimation tests, no significant defects were found at any time during the

first year in the consecutively studied patients.

Roberts et al. evaluated proprioception in two groups of patients with ACL

deficiency with different severity of symptoms [44]. Their symptomatic patients

had a higher threshold to TTDPM in their injured side in a flexion trial from 20�

(median of 1.5� versus median of 0.5�) and in an extension trial from 40� (median of

1.0� versus median of 0.5�) than the asymptomatic patients did. No differences

were found in the other threshold, active or visual reproduction tests. They con-

cluded that patients with severe ACL deficiency symptoms have inferior proprio-

ceptive ability in some measurements compared with patients with good knee

function. Their findings indicate that proprioceptive deficits might influence the

outcome of an ACL injury treated non-operatively.

5.7 Effect of Rehabilitation on Proprioception in ACL
Deficiency

It has been controversial as to whether rehabilitation restores proprioception in

ACL deficiency. Cater et al. examined 50 patients with unilateral ACL-deficient

knees which were assessed on admission and after rehabilitation (5 h a day for

4 weeks) [42]. JPS was assessed by reproduction of passive positioning using a

visual analogue incorporating a goniometer. Knee stability was analyzed by self-

report questionnaire and functional activity test (single leg hop and figure eight

run). Results showed that there was no improvement in JPS, although knee stability

improved with exercise therapy. Using TTDPM and RPP, Pincivero et al. also

demonstrated no improvement of proprioception after rehabilitation [45].

In contrast, Friden et al. showed the possibility that a 4-week rehabilitation

program including proprioceptive training somewhat improve a proprioceptive

deficit in the ACL deficiency; however, it is uncertain whether this program was

sufficient in terms of period and content to restore the proprioception [43].
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To determine how perturbation training alters muscle co-contraction and knee

kinematics in potential copers, a study by Chimielewski et al. suggested that

perturbation training reduced quadriceps femoris-hamstring muscle and quadriceps

femoris-gastrocnemius muscle co-contractions and normalized knee kinematics in

individuals with ACL rupture who were classified as potential copers [46]. They

concluded that findings provide evidence for a mechanism by which perturbation

training acts, as an effective intervention for promoting coordinated muscle activity

in a select population of people with ACL rupture.

Roberts et al. studied the knee proprioception of 36 patients with ACL deficiency

by measuring TTDPM before and after a short period of exercise on an ergometer

bicycle [47]. They found trends of enhanced proprioception towards extension in

the patient group after cycling, but not in the age-matched control group.

5.8 Proprioception After ACL Reconstruction

Although many studies have reported that impaired proprioception with ACL

deficiency improved after ACL reconstruction, it is unclear whether ACL recon-

struction fully restores the proprioception to be the same as the intact knee. It also

remains unclear whether any specific rehabilitation enhances the improvement of

impaired proprioception after ACL reconstruction.

In a study by Reider et al., ACL reconstructions were performed using a single-

incision technique with either bone-patellar tendon-bone (BTB) or quadrupled

hamstring autograft [48]. Their patients were allowed to do immediate weight-

bearing as tolerated and participated in a standardized rehabilitation program, with

the goal of returning to sport at approximately 6 months. Proprioception testing was

carried out using an electrogoniometer, in a seated position. JPS and TTDPM were

measured preoperatively and at 3 and 6 weeks and 3 and 6 months postoperatively.

Preoperatively, the mean TDPM in both the injured and contralateral knees (inter-

nal controls) was significantly higher (worse) than in the age-matched healthy

knees (external controls). Evaluation of changes in proprioception from preopera-

tive to 6 months postoperative showed significant improvement in both injured and

contralateral knees. At 6-month follow-up, there was no significant difference from

controls.

Fremerey et al. assessed proprioception in the knee using the angle reproduction

test in 20 healthy volunteers, 10 patients with acute anterior instability, and

20 patients with chronic anterior instability after ACL reconstruction with BTB

[49]. Three months after operation, there remained a slight decrease in propriocep-

tion compared with the preoperative recordings, but 6 months after reconstruction,

restoration of proprioception was seen at the positions of near full extension and full

flexion. However, in the mid-range position, proprioception was not restored. At

follow-up, an average of 3.7 years after reconstruction, there was further improve-

ment of proprioception in the mid-range position, but not fully restored.
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Other studies showed a reconstructed knee to have decreased joint position

perception, a higher threshold for TTDPM, longer latency of hamstring muscles,

and decreased performance in postural control at 18 months postoperatively

[50]. Conversely, Mir et al. found no evidence of impaired JPS in weight-bearing

positions in subjects with ACL reconstruction at a mean follow-up of 11 months

after surgery compared with subjects with healthy knees [51].

Iwasa et al. evaluated proprioception of 38 patients who underwent ACL recon-

struction using hamstring tendons at 3-month intervals for 24 months by RPP.

Thirty patients experienced improvement in postoperative position sense in at least

one of the examinations, although 8 patients had no improvement at any time. Of

the 30 patients who showed improvement, 28 maintained improved position sense

from 18 months to the final follow-up [52]. They also investigated the changes in

anterior laxity of the knee in response to direct electrical stimulation of 8 normal

and 45 reconstructed ACLs [53]. Anterior laxity was examined with the knee flexed

at 20� under a force of 134 N applied anteriorly to the tibia using the KT-2000 knee

arthrometer before, during, and after electrical stimulation. Anterior tibial transla-

tion in 8 normal and 17 ACL-reconstructed knees was significantly decreased

during stimulation, compared with that before stimulation. Anterior tibial transla-

tion was not decreased in 22 of 28 ACL-reconstructed knees, of which the grafts

were found to have detectable SEPs during stimulation. They concluded that the

ACL-hamstring reflex arc in normal knees may contribute to the functional stability

and that this may not be fully restored after ACL reconstruction.

Friemert et al. suggested that continuous active motion devices produced a

significantly greater reduction in the proprioceptive deficit and, therefore, should

be the first choice in postoperative rehabilitation immediately after ACL replace-

ment during the first postoperative week [54].

Vathrakokilis et al. showed that a balance-training program in knee propriocep-

tion improved stability indices of balance for the reconstructed leg compared with

control [55]. Brunetti et al. proposed a new protocol of postoperative treatment

consisting of mechanical vibration (100 Hz frequency and< 20 microM amplitude)

of the quadriceps muscle in the leg after ACL reconstruction [56]. They concluded

that short-lasting proprioceptive activation by vibration may lead to a faster and

more complete equilibrium recovery, probably making a permanent change in the

knee posture-controlling network.

In summary, many studies suggest improvement of proprioception may be

achieved in terms of joint position sense and TTPDM. However, it remains con-

troversial whether recovery to normal levels after ACL reconstruction is possible.

In addition, the effect of a graft (hamstring tendons, BTB, etc.) on proprioception is

unclear. There is the possibility that specific rehabilitation enhances the improve-

ment of impaired proprioception following ACL reconstruction.
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5.9 Perspective of Research on Mechanoreceptors
and Proprioception

At present, it is recognized that mechanoreceptors in the ACL contribute to

proprioceptive function of the knee joint via its neural pathway to the cerebral

cortex. Specifically, mechanical stimuli applied to mechanoreceptors in the ACL

are converted to action potential and transferred to the cerebrum, processing all

peripheral inputs to make sense of joint position, for detection of movement and

acceleration, and to control voluntary movements. Patients with ACL deficiency

experience not only mechanical instability due to loss of the anteroposterior and

rotatory stabilizer for the femorotibial joint but also functional instability induced

by impaired proprioception, causing apprehension and giving way. However, it is

still uncertain whether and when impaired proprioception associated with ACL

deficiency improves and recovers to normal levels following ACL reconstruction;

further, the optimum choice of surgical procedure or rehabilitation program to help

minimize the extent of impaired proprioception remains unclear. An augmentation

technique preserving the ACL remnant may contribute to improved knee proprio-

ception [57–59]. To enable highly skilled athletes to regain their pre-injury levels of

ability, both the mechanical stability of the knee joint and adequate levels of

proprioception within the knee joint are critical. To attain this mechanical and

functional stability in ACL deficiency patients, continued research on mechanore-

ceptors and proprioception is desired in the future.
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Chapter 6

Mechanical Properties and Biomechanical

Function of the ACL

Hiromichi Fujie

Abstract The mechanical properties of the ACL are nonlinear, viscoelastic, and

site-dependent. Large deformation may occur in the ACL up to 10% of strain,

while the load at failure exceeds 2000 N. These properties are affected by joint

immobilization and maturity. With these unique properties, the ACL maintains

normal knee kinematics by resisting to forces and moments applied to the knee. The

ACL bears to 80% of anterior force to the knee, while resisting to internal-external,

varus-valgus, and combined rotation moments applied as a secondly restraint

structure. Due to the posteroinferior slope of the tibial plateau, the ACL force is

increased in ACL-intact knees, while tibial anterior subluxation occurs in

ACL-deficient knees, in response to joint compressive force. Gait analysis studies

revealed that the maximum anterior translation of the knee and the maximum ACL

force are observed immediately after the heel strike during walking. In

ACL-deficient knees, extension rotation is decreased during midsubstance, while

varus and/or internal rotations are increased throughout the whole gait cycle.

Keywords Mechanical properties and functions • Knee kinematics • ACL force •

Joint force and moment • Gait analysis

6.1 Mechanical Properties of the ACL

6.1.1 Material Properties

The material properties of the ACL are mainly determined from the stress-strain

relationship of tensile tests. Stress is applied force per unit cross-sectional area,

while strain is deformation divided by initial length. The stress-strain relationships

of collagenous tissues are usually nonlinear; they increase slowly at low strain in

the so-called toe region, have constant slope at middle strains in the “linear region,”

and then decrease at high strain in the prefailure region (Fig. 6.1). It is known that
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such nonlinearity in collagenous tissues is due to the crimp pattern found at the

fascicle level [32]. Therefore, the crimp pattern gradually disappears as strain

increases during tensile testing. The modulus is the slope of the stress-strain

relationship, the strength is the maximum stress, and the strain at failure is the

strain when rupture occurs (Fig. 6.1). Although material properties are native to the

material and independent of dimensions in general, these properties of the ACL are

dependent on the scale due to its nonuniform and hierarchical structure. With

respect to the human ACL, the mechanical properties were determined at the

sub-ligament (bundle) level via a tensile test at a strain rate of 1 s�1 [5] (Table 6.1).

The strength was approximately 46 MPa, 31 MPa, and 15 MPa in the anteromedial

bundle, anterolateral bundle, and posterior bundle, respectively. It should be noted

that the modulus (in linear region) and strength are significantly higher in the

anteromedial and anterolateral bundles than in the posterior bundle, while strain

at failure is almost identical in all the bundles. It was reported that the mechanical

properties of the ACL deteriorate age dependently [23].

6.1.2 Structural Properties

The structural properties of the ACL are mainly determined from the load-

deformation relationship of tensile tests. In the same manner as the stress-strain

Fig. 6.1 Typical stress-

strain relationship of the

ACL and the definition of

material properties

(modulus, strength, and

strain at failure) with

schematic drawings of the

microstructure of collagen

fibers. Numerical data of the

strength, modulus, and

strain at failure are referred

from the original work [5]

Table 6.1 Material properties (modulus, strength, and strain at failure) of the anteromedial,

anterolateral, and posterior bundles of the human ACL

Unit Anteromedial bundle Anterolateral bundle Posterior bundle

Modulus MPa 283.1� 114.1 285.9� 140.6 154.9� 119.5

Strength MPa 45.7� 19.5 30.6� 11.0 15.4� 9.5

Strain at failure 19.1� 2.8 16.1� 3.9 15.2� 5.2

Data and terminology of the ACL bundles are referred from the original work [4]
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relationships, the load-deformation relationships of collagenous tissues are usually

nonlinear (Fig. 6.2). The stiffness is the slope of the relationship, the load at failure

is the maximum load, and the maximum deformation is the deformation when

rupture occurs. In contrast to the mechanical properties, the structural properties are

dependent on material dimensions; for example, the load at failure doubles as the

cross-sectional area doubles. With respect to the human ACL, the structural prop-

erties were determined for the whole ACL via tensile tests [34] (Table 6.2). It was

reported that the load at failure is more than 2000 N for young subjects between

20 and 35 years old, decreased to approximately 1500 N for middle-aged subjects

between 40 and 50 years old, and then decreased to less than 700 N for old subjects

between 60 and 97 years old.

6.1.3 Viscoelastic Properties

It is known that the stress-strain and load-deformation relationships of the ACL are

dependent on strain rate due to its viscoelastic property. Although perfectly elastic

materials respond to loading and unloading instantaneously, viscoelastic materials

have a time-dependent response to loading and unloading. Biological tissues

usually exhibit remarkable viscoelastic behavior due to high water content. It is

Fig. 6.2 Typical load-

deformation relationship of

the ACL and the definition

of structural properties

(stiffness, load at failure,

and maximum

deformation). Numerical

data of the load at failure

and stiffness are referred

from the original work [33]

while numerical datum of

the maximum deformation

is an approximate number

Table 6.2 Structural properties (stiffness and load at failure) of the human ACL as a function of

age

Unit

Young subjects

(20–35 years old)

Middle subjects

(40–50 years old)

Old subjects

(60–97 years old)

Stiffness N/mm 242� 28 220� 24 180� 25

Load at

failure

N 2160� 157 1503� 83 658� 129

Data are referred from the original work [33]
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reported that the modulus of rabbit ACLs increases 30% over a four-decade

increase in strain rate [6]. It is also reported that the load at failure of rhesus

monkey ACLs increases 24% over a two-decade increase in extension rate

[24]. Another aspect of the viscoelastic properties of the ACL is static/dynamic

creep and stress relaxation; creep is a phenomenon of time-dependent strain

increase in response to a constant stress, while stress relaxation is a phenomenon

of time-dependent stress decrease in response to a constant strain. It was reported

that static stress relaxation is more than 50% over 120 min in the porcine ACL

bundle [16].

6.1.4 Effects of Maturation and Exercise/Immobilization

Both the mechanical and structural properties of the ACL are affected by matura-

tion and immobilization/exercise. In immature subjects, failure occurs at the liga-

ment insertion rather than the ligament substance in tensile tests, because the bone-

ligament junction is weaker than the ligament substance in immature subjects

[34]. However, failure occurs more frequently at the ACL substance in mature

subjects because the bone-ligament junction becomes stronger than ACL substance.

A variety of animal studies have indicated that the strength and load at failure of

ligaments rapidly decrease in response to immobilization or stress deprivation.

They also suggest that the rate of recovery after mobilization is very slow. It was

reported that after 5 months of recovery following 8 weeks of immobilization of the

knee joint, the load at failure of the ACL of rhesus monkey recovered to 79% of

controls [22, 25]. Effects of physical exercise on the mechanical and structural

properties of the ACL have not been fully determined due to the difficulty of

quantifying and controlling exercise intensity.

6.2 Mechanical Function of the ACL

6.2.1 Response to Isolated and Combined Loadings

The primary motion of the knee joint is flexion-extension rotation around an axis

passing through the medial and lateral femoral condyles. The three-dimensional

motions of the knee other than flexion-extension rotation are constrained by

ligaments, menisci, and articular surface configuration. The biomechanical func-

tions of the ACL are mainly to resist anterior tibial translation, and secondly to

resist internal and valgus tibial rotation, or combined motions.

The ACL is the primary restraint structure to anterior forces applied to the tibia

because of its alignment and position with respect to the femur and tibia. More than

80% of the anterior load is borne by the ACL [4, 29]. The force in the whole ACL
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has been determined in experimental studies: approximately 80 N in response

to 100 N of anterior force [8] (Fig. 6.3), between 70 N and 110 N in response

to 110 N of anterior force [27], and more than 200 N in response to 200 N of

anterior force [19]. In response to an anterior force, the posterolateral (PL) bundle

carries more load than or same as the anteromedial (AM) bundle at low flexion

angles, and the AM bundle carries more load than the PL bundle at deep flexion

angles [1, 8, 27, 29]. Anterior tibial translation in response to an anterior tibial force

is dependent on the magnitude of the anterior force as well as the knee flexion

angle; anterior translation in response to 110 N of anterior tibial load is a couple of

mm at full extension and increases to approximately 10 mm at 60� of flexion [27],

the anterior-posterior translation between 100 N of anterior and posterior force is

approximately 6–7 mm at flexion angles between 0 and 30� and decreases as the

flexion angle increases [8] (Fig. 6.4), and the anterior-posterior translation between

200 N of anterior and posterior forces is less than 10 mm at full extension and

increases more than 10 mm at depper flexion angles [19]. The translation increases

more than double in ACL-transected knees [8, 9]. Anterior tibial force results in not

only anterior translation of the knee but also coupled internal rotation [9, 12] with a

medially shifted rotational axis [17, 20]. It is believed that the phenomenon directly

or indirectly relates to the ACL because the coupled internal rotation decreases in

ACL-transected knees [9].

The ACL is also the restraint structure to internal and/or valgus tibial moments.

The ACL force in response to 10 Nm of internal moment applied to the tibia

is approximately 70 N at full extension and decreases at flexion angles more

0 15 30 60 90
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* P<0.05 (paired t-test with Holm-Bonferroni correction)

AMM

PL

AML

ACL
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Fig. 6.3 Force sharing in the medial part (AMM) and lateral part (AML) of the anteromedial

bundle and posterolateral bundle (PL) of the human ACL in response to 100 N of tibial anterior

load. The figure and terminology of the ACL bundles are referred from the original work [8]
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than 60� [14]. Internal tibial rotation in response to 10 Nm of internal moment

is more than 10� at full extension and increases at flexion angles more than 60�.
The internal rotation and coupled anterior translation in response to an internal

tibial moment significantly increase in ACL-deficient knees at low flexion

angles. The ACL force in response to 10 Nm of valgus moment is approximately

90 N at full extension [19] and 40 N at 15� of flexion [15] and decreases with an

increase of flexion angle. The application of valgus moment combined with internal

moment to the knee results in significant increases in ACL forces as compared

with an isolated loading of either internal moment or valgus moment at low

flexion angles [14, 15].

Joint compressive force equivalent to body weight results in increases in ACL

strain [3, 7] and ACL force [13], because anterior force is generated in association

with joint compressive force due to the posteroinferior slope of the tibial plateau

[11]. As a result, the neutral position of the tibia shifted anteriorly in response to

joint compressive loading [7, 31]. Therefore, the anterior laxity, defined as a

translation of the knee from the neutral position in response to an externally applied

anterior force, decreases under the application of compressive loading. It is reported

that anterior tibial subluxation of ACL-deficient knees is more significant in lateral

side than in medial side in response to weight bearing [18].
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*
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Fig. 6.4 Anterior-posterior laxity of the ACL-intact and ACL-deficient knees between 100 N of

anterior and posterior forces as a function of flexion angle. The figure is referred from the original

work [8]
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6.2.2 Response to Physiological Loadings

An in vivo measurement combined with a knee model found that the tensile strain

in the ACL increases over 10% at the mid-stance during walking [30]. According to

a mathematical analysis using a musculoskeletal low limb model that incorporated

a 3D knee model, the ACL force increases approximately to 300 N at the beginning

of stance phase during normal walking [28]. Note that the magnitude of the ACL

force is much higher than that determined in an analytical study frequently

referenced [21]. Relative knee motions in response to physiological loadings are

determined via in vivo experimental studies. It was observed that the maximum

anterior translation of the ACL-intact knee during walking is less than 10 mm and

occurs immediately after heel strike [26]. In ACL-deficient knees, a significant

reduction of extension is observed during midsubstance, while greater varus and

internal rotations are observed throughout whole gait cycle [10]. During swing

phase, reduced anterior translation and external rotation are observed in

ACL-deficient knees associated with an internal rotation offset of the tibia [2].
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Chapter 7

Biomechanics of the Knee with Isolated

One-Bundle Tear of the Anterior Cruciate

Ligament

Eiji Kondo and Kazunori Yasuda

Abstract This history of previous studies has resulted in the current confusion

concerning the definition of the partial ACL tear in the clinical field. The purpose of

this chapter was to introduce the changes in the kinematics of the knee that result

from isolated deficiency of the anteromedial (AM) or posterolateral (PL) bundle of

the anterior cruciate ligament. Anterior translation laxity under an anterior tibial

load, rotational laxity under an internal tibial torque, and anterior translation laxity

under pivot shift loading were significantly different between the knees with AM

and PL bundle deficiencies, but the changes were small: less than 3 mm or 1.5�. An
isolated AM or PL bundle tear caused a small increase in laxity. If there is a

clinically identifiable increase in laxity – in addition to the isolated tear of the

AM or PL bundle – there must also be a tear of the other bundle of the ACL or at

least a partial tear.

Keywords Anterior cruciate ligament • Anteromedial bundle • Injury • Partial

tear • Posterolateral bundle

7.1 Introduction

7.1.1 Confusion in Definition of “Partial” ACL Tear

There are various patterns in anterior cruciate ligament (ACL) injury [1, 2]. Many

clinical studies have been conducted on partial ACL tear [3–7]. In these studies,

however, the definition of the partial ACL tear has been unclear. The normal ACL
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consists of two fiber bundles: the anteromedial (AM) and posterolateral

(PL) [8, 9]. The previous studies on partial ACL tear included not only knees in

which one bundle was torn and the other was intact (“isolated one-bundle tear”) but

also knees with other types of ACL injury, such as knees in which one bundle was

torn and the other was permanently elongated and knees in which both bundles

were permanently elongated. This history of previous studies has resulted in the

current confusion concerning the definition of the partial ACL tear in the clinical

field. Moreover, this confusion causes many controversial issues in the diagnosis

and the treatment of the partial ACL tear [2, 10, 11].

7.1.2 Isolated AM or PL Bundle Tear

Recently, a few studies have reported the procedures for the isolated one-bundle

tear, in which the AM or PL bundle was reconstructed with preservation of the other

bundle remnant tissue, naming the procedure “selective” AM or PL bundle recon-

struction [10, 12–14]. However, these studies did not describe how to clinically

diagnose the isolated AM or PL bundle tear. In addition, it is unclear whether an

isolated AM or PL bundle tear can be diagnosed accurately or consistently with the

clinically available tools and techniques. Consequently, the clinical entity of an

isolated AM or PL bundle tear has not been established as of yet. To establish how

to diagnose the isolated AM or PL bundle tear, it is necessary to increase our

fundamental database on kinematics of the knee with an isolated AM or PL bundle

injury in comparison with kinematics of the normal knee, as well as that of a

completely ACL-deficient knee.

However, only a few studies have reported kinematic information that contrib-

utes directly to our knowledge of clinical manual tests [2, 15–17]. Furman et al. [15]

applied loads by hand and found a clear difference between the effects of cutting

each bundle: isolated AM bundle cutting allowed increased anterior translation in

the flexed knee but not in extension, whereas the reverse was found when the

isolated PL bundle was cut. Zantop et al. [17] reported that isolated transection of

the PL bundle significantly increased anterior tibial translation at 30� of flexion,

whereas transection of the AM bundle significantly increased the translation at

60 and 90� of flexion. However, Hole et al. [16] described that isolated transection

of the PL bundle did not increase the anterior translation significantly at 30� of

flexion. Thus, there were conflicting conclusions among the previous studies.

Therefore the diagnosis of partial tears of the ACL remains difficult, and thus

there is still a need to increase the database on the kinematics of the knee with an

isolated AM or PL bundle injury under various biomechanical conditions in com-

parison with those of the normal knee.

Recently, the authors reported a kinematic study with 14 fresh-frozen cadaveric

knees to clarify the changes in the kinematics of the knee that result from the

isolated tear of the AM or PL bundle [18]. In this chapter, the authors introduce the

results of that study and discuss about clinical relevance of the results. Specifically,
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a focus of the discussion is whether the isolated tear of the AM or PL bundle can be

diagnosed by measurement of the knee instability with manual tests or a KT-2000

arthrometer.

7.2 Methods

Fourteen fresh-frozen cadaveric knees were used in this study. Each knee was

mounted onto the specially designed apparatus, which was reported in the previous

literature in detail [19]. The kinematics of the tibiofemoral joint was measured

dynamically with a Polaris stereo-optical system (Northern Digital, Waterloo,

Canada) with Traxtal active optical trackers (Traxtal, Toronto, Canada), mounted

on the tibia and femur (Fig. 7.1). The intact knee was moved from full extension to

110 of knee flexion and then back to extension for three cycles. Then, each of the

following loads was applied to the tibia: (1) 90-N anterior drawer force, (2) 90-N

posterior drawer force, (3) 5-Nm internal rotation torque, (4) 5-Nm external rota-

tion torque, and (5) simulated pivot shift test. The pivot shift test was simulated by

use of a 50-N iliotibial band tension, 5-Nm valgus moment, and 1-Nm internal

rotation torque [20–22]. A nylon cable secured to the iliotibial band was attached to

a precalibrated pneumatic cylinder alongside the femur to generate the 50-N tension

[21, 22]. The 14 knees were separated into two groups: In seven specimens the

midsubstance of the AM bundle was transected first at the midsubstance to simulate

an isolated AM bundle tear (Fig. 7.2). In the remaining seven specimens, the PL

Fig. 7.1 Flexion-extension movements were applied to the femur while the tibia hung vertically

below it; the motion of the hanging tibia was otherwise unconstrained. The anterior or posterior

drawer force was applied with a weight and cable connected to a hoop around the proximal tibia.

Internal or external rotation torque was applied with weights connected to both sides of a

polyethylene disk secured at the end of the tibial rod. (From Ref. [19]. Reprinted by permission

of SAGE Publications. 2007 American Orthopaedic Society for Sports Medicine)
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bundle was transected at the midsubstance to simulate an isolated PL bundle tear.

Knee kinematic measurements were repeated for the isolated AM or PL bundle tear.

Then, the remaining bundle was transected arthroscopically, and the kinematics of

the ACL-deficient knee were measured in all 14 knees with the five external loading

conditions described earlier.

The laxities measured when the knees were intact were in line with previously

published data [18]. This study presents the changes from normal, which yields

greater clarity regarding the effects of cutting the fiber bundles.

7.3 Kinematics of ACL-Injured Knees

7.3.1 Anterior Translation Under 90-N Anterior Load

Under a 90-N anterior load, ANOVA showed that there were significant differences

in anterior translation laxity among the groups of ACL-deficient knees and knees

with AM and PL bundle tears (P< .001) and that there were significant interactions

with knee flexion (P¼ .012) (Fig. 7.3). Post hoc testing found that cutting the PL

bundle alone did not significantly increase the anterior translation in a range

between 0 and 110� of knee flexion in comparison with the normal translation

(P¼ .552 to P¼ .982) (Fig. 7.3). Similarly, cutting the AM bundle alone did not

significantly increase the anterior translation at 0–110� of knee flexion in compar-

ison with the normal translation (P¼ .998 at 0� to P¼ .078 at 110�). The maximal

increment caused by cutting the AM bundle was 3.7 mm (P¼ .075), at 95� of knee
flexion (Fig. 7.3). After both bundles were cut, the anterior tibial translation

increased at each angle of knee flexion in comparison with the normal translation;

this was significant from 0 to 100� of flexion (P< .001 to P¼ .007) (Fig. 7.3). The

maximal increment caused by cutting both of the bundles was 11 mm (P< .001), at

30� of knee flexion (Fig. 7.3).

A. B. C.

AMB
PLB

Fig. 7.2 (a) Arthroscopic finding of intact ACL, (b) AM bundle cut, and (c) complete ACL cut

(From Ref. [18]. Reprinted by permission of SAGE Publications. 2014 Arthroscopy)
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7.3.2 Tibial Rotation Under 5-Nm Torque

Under a 5-Nm internal rotation torque, ANOVA found significant differences in

tibial internal rotation laxity between the knees with partial ACL cutting and the

ACL-deficient state (P< .001); there were also significant interactions with knee

flexion (P< .001) (Fig. 7.3). The maximal increase in internal rotation was 1.2� by
cutting either the AM or PL bundle alone, at 25� and 80� of knee flexion (P¼ .330

and P¼ .218, respectively) (Fig. 7.4). After both bundles were cut, the pathologic

increase in tibial rotation increased toward the extended posture, reaching 3.8� in
extension (Fig. 7.4). Post hoc testing showed that cutting both the AM and PL

bundles significantly increased the tibial internal rotation near knee extension in

comparison with AM bundle-deficient laxity (P¼ .014 at 0–30� of flexion), as well
as in relation to PL bundle deficiency (P¼ .006 at 0–55� of flexion) (Fig. 7.4).

Under a 5-Nm external rotation torque, ANOVA did not show significant differ-

ences between the ACL-deficient knees and the knees with AM and PL bundle

tears.

7.3.3 Anterior Translation and Internal Rotation Under
Simulated Pivot Shift Loading

Under simulated pivot shift loading, ANOVA indicated that there were significant

differences in tibial anterior translation among the ACL-deficient knees, knees with

isolated AM bundle deficiency, and knees with isolated PL bundle deficiency

(P< .001) (Fig. 7.5). There were also significant interactions between anterior

laxity and the angle of knee flexion (P< .001). Post hoc testing did not show that
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cutting either the AM bundle (P¼ .242) or PL bundle (P¼ .305) in isolation

increased the anterior translation significantly at any angle of knee flexion in

comparison with the anterior translation during the pivot shift test when the ACL

was intact (Fig. 7.5). After both bundles were cut, the anterior tibial translation

increased significantly (P< .001) at 0 and 15� of knee flexion (Fig. 7.5), reaching

3 mm at 10�of knee flexion. On the other hand, transection of the ACL did not cause

a significant change in tibial internal rotation during the simulated pivot shift test.

-1

0

1

2

3

4

5

6

0 30 60 90 120

Δ 
In

te
rn

al
 ro

ta
tio

n 
(d

eg
re

e)

Knee flexion angle (degree)
AM bundle tear PL bundle tear ACL deficient

Fig. 7.4 Difference in

tibial internal rotation from

intact knee under 5-Nm

internal tibial torque,

presented as mean and

standard deviation (error

bars) (From Ref. [18].

Reprinted by permission of

SAGE Publications. 2014

Arthroscopy)

-2

0

2

4

6

8

0 30 60 90 120

Δ 
An

te
rio

r t
ra

ns
la

tio
n 

(m
m

)

Knee flexion angle (degree)

AM bundle tear PL bundle tear ACL deficient

Fig. 7.5 Difference in

tibial anterior translation

from intact knee under pivot

shift loading, presented as

mean and standard

deviation (error bars) (From

Ref. [18]. Reprinted by

permission of SAGE

Publications. 2014

Arthroscopy)

84 E. Kondo and K. Yasuda



7.4 Discussion

7.4.1 Considerations of the Results in Comparison
with the Previous Studies

The present study dealt with isolated AM or PL bundle deficiency, in which one

bundle was transected and the other was intact. Therefore, we must distinguish the

isolated one-bundle tear from the other types of partial ACL injury. The present

study provided important information on anterior tibial translation to solve the

previously described controversy that has existed in the clinical field of ACL injury.

First, under the 90-N anterior load, cutting either the PL or AM bundle alone did

not significantly increase tibial anterior translation, while cutting both the AM and

PL bundles dramatically increased anterior translation or rotation under the 90-N

anterior load. There are controversies among the previous studies and the present

study. Concerning the effect of PL bundle transection, Hole et al. [16] reported that

sectioning the PL bundle alone did not significantly increase anterior translation at

30� under a 133-N anterior load. On the other hand, Zantop et al. [17] reported that

when a 134-N anterior load was applied to the tibia at 30, 60, and 90� of knee

flexion, isolated transection of the PL bundle significantly increased anterior tibial

translation at 30�. Regarding the effect of AM bundle transection, Zantop et al. [17]

reported that transection of the AM bundle alone significantly increased the trans-

lation at 60 and 90 when the robotic system in their study applied 134 N. The

differences in the effect of isolated PL or AM bundle transection among the studies

may be a result of the differences in the testing conditions. In general, application of

larger loads will magnify any changes in laxity, but a judgment must be made in

repeated measures studies because the loads must be small enough that they will not

cause permanent deformations of the remaining ligament bundles.

The present study showed that, under the 5-Nm internal rotation torque, cutting

either the AM or PL bundle did not significantly increase the tibial rotation at each

angle of knee flexion in comparison with normal rotation. Also under pivot shift

loading, cutting either the AM or PL bundle alone did not lead to a significant

increase in tibial anterior translation. Then, a significant increase was found only

after transection of both the bundles. On the other hand, Zantop et al. [17] applied a

combined rotatory load of 10 Nm of valgus moment and 4 Nm of internal torque at a

fixed angle of knee flexion without any loads on the iliotibial band, and reported

that transection of the PL bundle significantly increased anterior translation at 0 and

30� of knee flexion, although transection of the AM bundle did not significantly

increase coupled anterior translation. Namely, the effect of PL bundle transection

was different, although the effect of AM bundle transection was similar between the

two studies. The difference is considered to be due to differences in the loading

conditions: in addition to the differing moments and iliotibial band tension applied,

when the pivot shift occurs in the moving knee, the instant axis of rotation will

differ from that which occurs at a fixed angle of flexion.
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7.4.2 Clinical Relevance of the Present Study

Our study has provided important information on the clinical diagnosis of an

isolated AM or PL bundle tear using manual tests such as the Lachman, anterior

drawer, and pivot shift, as well as noninvasive measurement devices such as the

KT-2000 arthrometer [23]. In the present study, for example, the 90-N anterior load

was applied because it is similar to a biomechanical condition in the clinical tests.

Concerning the isolated PL bundle tear, there were few differences in tibial

translation or rotation between the intact knee and the isolated PL bundle-deficient

knee under any loading condition. It is considered that the effect of isolated PL

bundle transection was not significantly detected because the intact AM bundle

remained relatively tight during knee motion [24–26]. These results suggest that it

is impossible to clinically diagnose an isolated PL bundle tear, using physical

examinations. Hole et al. [16] reported that only 11% of the examinations correctly

diagnosed the isolated PL bundle resection, although the examiners were accurate

in their interpretation of the status of the ACL in 89% of the intact specimens and

80% of completely sectioned ACLs. Clinical evaluation is accurate in defining

intact and completely sectioned ACLs. However, it is unable to differentiate a

sectioned PL bundle from an intact ACL.

Regarding the isolated AM bundle tear, there was only a tendency for the tibial

translation under the anterior force to increase toward 90� of knee flexion in

comparison with the normal knee, and there were no differences under simulated

pivot shift test loading. Zantop et al. [17] did find a significant increase in the flexed

knee under a larger force. Therefore, it is theoretically possible to clinically

diagnose an isolated AM bundle tear using the anterior drawer test. However, the

maximal increment by cutting the AM bundle was only 3 mm and 1.5�. Therefore,
these facts imply that it may be difficult for common orthopedic surgeons to always

detect the abnormal laxity of the isolated AM bundle tear only using the manual

tests. Previously, Lintner et al. [3] sectioned the AM bundle of the ACL and found

that clinical examination and KT-1000 arthrometer testing were unable to detect

differences from the intact knee because the small (1.3 mm) increase in anterior

translation that occurred was within the 2-mm normal bound of side-to-side differ-

ences. On the other hand, the tibial translation and rotation were dramatically

increased by cutting both the AM and PL bundles. This fact indicated that the

knee with obviously abnormal translation and rotation of the tibia and positive pivot

shift phenomenon in comparison with the normal knee should be strongly suspected

of having a complete tear of the two bundles.

In the previous literature, a clinical diagnosis of isolated PL or AM bundle tear

was frequently made by clinically identified increases in knee laxity. The present

study suggests that such knees might involve not only PL or AM bundle tear but

also AM or PL bundle injury with permanent elongation. Therefore, the “isolated

AM (or PL) bundle reconstruction” for such knees, which reconstructs only the PL

(or AM) bundle and leaves the AM (or PL) bundle without any treatments, should

be recognized as a treatment for such knees with such type insufficiency of both the
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AM and PL bundles. On the other hand, some authors noted that, even with

extensive clinical and imaging assessment, the exact injury pattern of an isolated

bundle tear might only be established arthroscopically [10, 11, 14, 17, 24]. There-

fore, there is a possibility that comprehensive examinations including arthroscopic

observation may find out some degrees of one-bundle injury without any abnor-

malities in the other bundle. However, the present study suggests that such knees

may not clinically show any abnormal laxity. However, the authors believe that

such knees without any instability are not involved in the indications of ACL

reconstruction surgery.
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Chapter 8

Function and Biomechanics of ACL Remnant

Junsuke Nakase and Hiroyuki Tsuchiya

Abstract Remnant-preserving anterior cruciate ligament (ACL) reconstruction

recently gained popularity because it has some advantages for patients. In this

paper, we discuss our assessment of preoperative images of ACL remnants, indicate

intraoperative classification, and review the proprioceptive function, revasculari-

zation, and biomechanical function of remnant tissue. We describe the neural

mechanoreceptors and reinnervation of the reconstructed ACL graft as well as

enhancement of the revascularization process of the ACL graft based on previous

reports. Finally, we discuss the biomechanical function of the ACL remnants.

Attention to detail is important since there are various remnant types. The ACL

has healing abilities, and its remnants are thought to be endowed with various repair

factors. Surgeons should arthroscopically examine the remnants at the time of the

ACL reconstruction to determine the best approach to treating ACL injury.

Keyword ACL remnant • Remnant type • Proprioceptive function •

Biomechanical function

8.1 Introduction

Remnant-preserving anterior cruciate ligament (ACL) reconstruction recently

gained popularity because it has proven biomechanical [1, 2], vascular [3], and

proprioceptive [4] advantages; moreover, it has been shown to reduced synovial

fluid leakage into the bone tunnels [5] and improve knee stability [6]. Thus, ACL

reconstruction using remnant-preserving techniques has received much attention.

However, few studies to date have reviewed the function and biomechanics of ACL

remnants.

Differential diagnosis of partial ACL tears becomes an issue in discussions of

ACL remnant function and biomechanics. A uniform definition of a partial ACL

tear does not exist, and its diagnosis remains clinically challenging. Partial ACL
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tears have reportedly been excised in their entirety together with the femur attach-

ment site. A histological investigation of this tissue reported that the femur attach-

ment site retained a normal structure in only 22.7% of cases [7]. It was believed

difficult to clearly classify residual ligaments after partial damage and remnant

tissues after complete rupture. Kazusa summarized the current evidence that the

remnant-preserving ACL reconstruction is indicated whether patients have rem-

nants between the tibia and either the femur or the posterior cruciate ligament

(PCL) after complete ACL ruptures or have only partial rupture of the anteromedial

or posterolateral bundle [8]. In this paper, we primarily discuss the function and

biomechanics of remnant tissue after complete rupture.

8.2 Preoperative Assessment

Magnetic resonance imaging (MRI) and computed tomography (CT) are primarily

used for preoperatively evaluating remnant tissue. Preoperative awareness of rem-

nant morphology and biomechanical function would be advantageous in the selec-

tion of an appropriate surgical method, and various reports have been published on

this topic. Ng et al. reported that the addition of oblique axial imaging to standard

MRI improves diagnostic accuracy for detecting either partial tears or individual

bundle tears of the ACL [9]. In a like manner, Kosaka et al. reported that oblique

coronal and sagittal MRI improved the accuracy of diagnosis of ACL tears and

showed a reasonable level of efficacy in detecting remnant ACL tissue [10]. We

occasionally see papers stating that it is possible to identify the detailed morphol-

ogy of remnant tissues by recording MRI in line with ACL directionality.

On the other hand, Adachi et al. conducted some fascinating research using

three-dimensional CT (3D CT) and reported a concordance rate of 77.8% for

morphological patterns of ACL remnants using 3D CT with the volume-rendering

technique and patterns defined using arthroscopy without probing [11]. However,

the concordance rate was reduced to 49.2% when arthroscopic probing was used to

confirm the femoral attachment of the ACL remnants.

Although ACL remnant morphology can be identified to some extent before

surgery using careful photography, biomechanical function cannot be assessed

quite as easily at that stage. However, in the future, the use of high-performance

equipment or functional MRI and so on may resolve these problems, so further

research is essential.

8.3 Arthroscopic Classification

Arthroscopic classification and evaluation methods for remnants are extremely

important factors in the selection of the surgical technique and can result in

conflicting opinions. As described above, presurgical imaging alone does not
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enable a complete evaluation of remnant tissue that includes an assessment of

biomechanical function; as such, the remnants are mainly evaluated with arthros-

copy. Many papers have reported arthroscopic classification with a focus on the

proximal end of the remnant attachment site. Of them, that reported by Crain in

2005 is now one of the most commonly used classifications [12]. Crain divided

ACL remnants into four categories by morphology: (1) ACL remnant with scarring

to the PCL, (2) ACL remnant with scarring to the roof of the notch, (3) ACL

remnant with scarring to the lateral wall of the notch or the medial aspect of the

lateral femoral condyle, and (4) no identifiable ligament tissue remaining (Fig. 8.1).

This classification system is widely used and works well. However, there were

cases in which remnants were continuous near the ACL anatomical insertion and no

cases in which evaluated the attenuated ACL remnant that had healed to the lateral

wall more anteriorly and distally than its anatomic origin. Accordingly, Maeda [13]

and Nakase [14] created a new classification system that included bridging between

the anatomical attachments of the ACL on the lateral wall of the femoral condyle

and the tibia. These classifications are suitable when surgeons consider remnant

morphology (Fig. 8.2).

On the other hand, Muneta reported a remnant volume evaluation (Fig. 8.3)

[15]. The ACL remnant was divided into three parts: tibial attachment (distal 20%),

midsubstance (middle 60%), and femoral attachment (proximal 20%). Muneta

concluded that the remnant volume had a certain level of correlation with the

postoperative outcome. Furthermore, the tension and anatomic position of the

Fig. 8.1 Arthroscopic ACL remnant pattern by Crain. The normal ACL attachment on femur

(arrow head) (from [12] with permission). (a) Group 1: ACL scarring to the PCL. (b) Group 2:

ACL healing to roof of the notch. (c) Group 3: Attenuated ACL remnant healed to the lateral wall

more anterior and distal than its anatomic origin. (d) Group 4. Resorption of the torn ACL
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remnant tissue were not evaluated in their study because they were difficult to

assess objectively. Future studies should be based on more objective measures of

ACL remnant volume, such as 3D MRI. Even by using 3D MRI, however, remnant

tension cannot be easily assessed. We will need new or improved technologies for

arthroscopic examination in the future.

8.4 Proprioceptive Function

Proprioceptive function has an important role to play in regaining nearly normal

function after ACL reconstruction as well as a return to sports activities. The

presence of mechanoreceptors on the intact ACL has been well documented

[16, 17]. Some histological studies reported that there were portions of mechano-

receptors within ACL remnants [18]. Denti et al. used Ruffini gold chloride staining

to identify mechanoreceptors within ACL remnants [19]. They found that, in

untreated ACL lesions in humans, morphologically normal mechanoreceptors

persisted in the ACL remnant for approximately 3 months after the injury. Beyond

that time, the number of receptors decreased. By the ninth month after injury, only a

few nerve endings were found; by 1 year, they were completely absent. Georgoulis

reported the presence of neural mechanoreceptors in ACL remnants as a possible

Fig. 8.2 Arthroscopic classification of remnants by Nakase. The normal ACL attachment on

femur (arrow head) (from [14] with permission). (a) Type 1: Bridging between the roof of the

intercondylar notch and tibia. (b) Type 2: Bridging between the posterior cruciate ligament and

tibia. (c) Type 3: Bridging between the anatomical attachments of the ACL on the lateral wall of

the femoral condyle and the tibia. (d) Type 4; No bridging ACL remnants
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source of reinnervation of the reconstructed ACL graft [20]. They reported two

types of ACL remnants. In 15 patients, the ACL was adhered to the PCL; mecha-

noreceptors were observed in all of these ligaments. In five patients, mushroom-like

remnants were found either none or a few mechanoreceptors; however, free nerve

endings were found in both patient groups. They concluded that in patients with

ACL remnants that are adherent to the PCL, the mechanoreceptors existing in the

ACL remnants might actually act as a possible source of graft reinnervation.

Dhillon et al. evaluated the proprioceptive function in ACL remnants using

immunohistological methods [21]. They harvested the remnants in 63 patients

undergoing ACL reconstruction. A statistically significant negative relationship

was found between injury duration and the persistence of mechanoreceptors and

proprioceptive fibers. The proprioceptive potential was also higher in ACL rem-

nants that were adherent to the PCL. The duration of persistence of viable mech-

anoreceptors reportedly varies. This may be due to the methods by which they are

evaluated, so Bali et al. proposed standardization of the evaluative techniques [22].

Proprioceptive function of the knee has been measured in various ways, such as

with the joint position sense test [23] and latency of reflex hamstring contractions

[24]. It is unclear how much of the knee’s proprioceptive function is due to ACL

Fig. 8.3 Arthroscopical determination of the ACL remnant volume (from [15] with permission).

An entire volume of the ACL was divided into three parts of tibial attachment, midsubstance, and

femoral attachment. Twenty percent, 60%, and 20% were assigned to the tibial attachment,

midsubstance, and femoral attachment, respectively
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mechanoreceptors. Mechanoreceptors that control proprioception of the knee joint

are distributed not only to the ACL but also to the surrounding tissues [25]. Specific

and validated techniques are needed to assess the proprioceptive function of the

ACL remnant. Preservation of the ACL remnant may have some advantage for

proprioceptive function. Adachi reported a positive correlation between the number

of mechanoreceptors in ACL remnants and the accuracy of preoperative joint

position sense [4]. They concluded that leaving the ACL remnants as a source for

reinnervation may be beneficial. The development of new validated methods to

assess the proprioceptive function of the ACL remnant alone could contribute to

evaluations of the effectiveness of the remnant-preserved ACL reconstruction

compared with the conventional method. This could help answer questions such

as how much remnant should be spared or whether it is necessary to retain remnant

continuity.

8.5 Revascularization

Enhancing the graft revascularization process is one goal of remnant-preserving

ACL reconstruction. There are several reports on the hemodynamics of the ACL

and surrounding tissues. Odenstein reported a cadaveric study of uniformly placed

connective tissue containing blood vessels [26]. Dodds reported a vascularized

synovial envelope around the ACL and periligamentous vessels that transversely

penetrated the ligament and performing anastomosis with a longitudinal network of

endoligamentous vessels [27]. They also reported that the proximal and distal

attachments of the ACL have greater vascular density than the mid-section, with

the proximal part having greater vascularity than the distal portion. In a rabbit

model, the ACL was dissected and compared with a control group 4 months after a

standardized surgically induced partial ACL tear [28]. The results showed a signif-

icant increase in blood flow and vascular volume in the injured group. Other reports

confirmed that cases with a good revascularization process showed better graft

incorporation on follow-up MRI, which correlated with a favorable clinical out-

come [29–31]. We believe that when the ACL remnant is preserved, blood vessels

within the remnant are also preserved, which improves ACL graft revasculariza-

tion. The gold standard for evaluating graft revascularization status should be

histological assessment of graft biopsy samples. However, histological evaluation

has not been widely used because of the invasive nature of the biopsy procedure.

MRI is too subjective to show true ACL graft vascularization. Therefore, Song

et al. cannot conclude that the ACL remnant has an important role for ACL graft

revascularization [32]. How do these processes affect graft ligamentization? In the

future, we will need to consider how it correlates to the clinical outcomes. Further-

more, if we can discover a way to assess blood flow quality and volume within the

remnant, research in this field progress.
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8.6 Biomechanics

Remnant tissue is thought to adhere to the lateral wall of the femoral condyle and

PCL at the healing point after a complete ACL tear, making it difficult to inspect

remnant tissue biomechanics in cadaveric studies. For this reason, biomechanical

evaluation of remnant tissue is performed during ACL reconstruction.

Crain et al. reported on the correlation between the remnant pattern and anterior

laxity in 48 patients [12]. They evaluated anterior knee laxity before and after ACL

remnant resection using a KT-1000 knee arthrometer. Of 48 knees, 14 (29%)

loosened by more than 2 mm after ACL remnant resection. After resection of the

ACL remnant attached to the femur, a mean loosening of 3.9 mm occurred. They

concluded that ACL remnants that heal while adherent to the femur effectively

cross the joint and contribute a small degree to knee stability.

Maeda et al. performed a prospective study of 83 knees subjected to primary

navigated ACL reconstruction [13]. Anterior tibial translation and range of internal-

external rotation of the tibia at 15�, 30�, 45�, 60�, 75�, and 90� of knee flexion were
measured before and after ACL remnant resection using the navigation system. The

mean anterior tibial translation at 15� of knee flexion before resection significantly

increased after resection in cases in which the remnants bridged the lateral wall of

the intercondylar notch and the tibia. After remnant resection, 14.5% of cases in

which the remnants had bridged the lateral wall of the intercondylar notch and the

tibia showed an increased anterior tibial translation by �3 mm. However, there

were no significant differences in mean total rotation before versus after resection at

any knee flexion angle for any of the remnant types defined by the Maeda and

Nakase classification (Fig. 8.2). Thus, they concluded that ACL remnants do not

play a major role in knee stabilization. However, the remnant type that bridged

between the lateral wall of the intercondylar notch and the tibia significantly

decreased anterior knee extension.

Nakase reported the roles of ACL remnants in knee stability using the same type

of navigation system [14]. They conducted a prospective study of 50 knees

subjected to primary ACL reconstruction. The ACL remnants were classified into

four morphologic types as above (Fig. 8.2). Anterior tibial translation and rotatory

laxity were measured before and after remnant resection at 30�, 60�, and 90� of

knee flexion using a navigation system. The amount of change in anterior tibial

translation and the rotatory laxity of each morphologic type was compared among

the remnant types. The amount of change in anterior tibial translation and rotatory

laxity at 30� of knee flexion in type 3 (bridging between the anatomical insertions of

the ACL on the lateral wall of the femoral condyle and the tibia) was significantly

larger than in the other types. There were no significant differences in either tibial

translation or rotatory laxity at 60� or 90� of knee flexion among the types. They

concluded that the remnants that bridge the anatomical attachments of the ACL on

the lateral wall of the femoral condyle and the tibia contribute to anteroposterior
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and rotatory knee laxity evaluated at 30� of knee flexion. Further, the bridging point
of the remnants is important to knee laxity. The limitation of this study was that

patients with a partial ACL tear may have been included as type 3, which may have

influenced the results.

The ACL does have some healing abilities, and its remnants are thought to be

endowed with various repair factors [33]. Different types of remnants can affect the

surgical procedure. The surgeon should perform a preoperative arthroscopic eval-

uation of the remnants at the time of the ACL reconstruction to determine the best

ACL injury treatment approach.
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Chapter 9

Biomechanics of Single- and Double-Bundle

ACL Reconstruction

Eiji Kondo and Kazunori Yasuda

Abstract The biomechanical studies showed that the anatomic single-bundle

(SB) reconstruction was significantly better concerning the knee stability under a

90-N anterior force and a 5-Nm internal torque than the conventional SB recon-

struction in a range between 0 and 30�. However, there were no significant

differences between the two reconstructions not only in the other ranges of knee

flexion under these loading conditions but also in all the ranges under the simulated

pivot shift test. On the other hand, the anatomic double-bundle (DB) reconstruction

was significantly better concerning the knee stability under a 90-N anterior force

and a 5-Nm internal torque than the conventional SB reconstruction not only in a

range between 0 and 30� but also in the range between 35 and 70�. In addition, the

anatomic DB reconstruction was significantly better under the simulated pivot shift

test than the conventional SB reconstruction in a range between 0 and 30�. These
results showed that although both the anatomic SB and DB reconstructions were

significantly better than conventional SB reconstruction, the effect of the anatomic

SB reconstruction on the knee stability is not completely identical to the effect of

the anatomic DB reconstruction. Preliminary in vivo data suggest that anatomic DB

reconstruction can restore normal knee kinematics, but further studies including

research on anatomic SB reconstruction are required before definitive conclusions

can be reached.
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9.1 Introduction

Single-bundle (SB) reconstruction of the anterior cruciate ligament (ACL) is the

standard surgical option to treat ACL-deficient knees. However, recent biomechan-

ical studies have reported that conventionally performed SB ACL reconstruction

cannot restore normal anterior translation or rotatory laxity [1, 2]. Kinematic stud-

ies have also shown that the SB reconstruction cannot completely restore the

patient’s rotatory stability during walking or more strenuous activities [3, 4]. The

normal ACL consists of anteromedial (AM) and posterolateral (PL) bundles, which

have different functions [5–8]. To improve such biomechanical disadvantages of

SB reconstruction, Yasuda et al. [9, 10] reported the first practical arthroscopic

procedure to anatomically reconstruct both the AM and PL bundles of the ACL in

2004. Several biomechanical studies have reported significantly better knee stabil-

ity than after conventional SB reconstruction [11–13]. On the other hand, recently,

an idea of anatomic SB ACL reconstruction, in which the femoral tunnel is created

at the center of the AM and PL bundle attachments on the femur, has attracted

notice in the clinical field [14, 15]. Thus, a following question has been arisen. Is the

effect of the anatomic SB reconstruction on the knee stability completely identical

to the effect of the anatomic DB reconstruction? The first aim of this chapter is to

answer this question. To answer to the question, the authors compared the degrees

of superiority of the anatomic SB and DB reconstructions to the conventional SB

reconstruction, using the previously reported database of the knee laxity after

various ACL reconstruction procedures [16].

The second aim of this chapter is to answer the following question: Can the

clinically available transtibial procedure for anatomic DB reconstruction really

obtain significantly better knee stability in comparison with the conventional SB

reconstruction procedure? This question must be asked because the previous bio-

mechanical studies, which reported that the former procedure can obtain signifi-

cantly better knee stability than the latter procedure [11–13], widely exposed the

knee joint and directly identify the anatomic attachments. Clinically, however, the

authors have used an arthroscopic transtibial procedure for femoral tunnel creation.

Therefore, there is a possibility that the femoral tunnel positions in the clinical are

not identical to the ideal tunnel locations created in the previous biomechanical

studies. To answer the following question, the authors performed the arthroscopic

transtibial procedure of anatomic DB reconstruction, which had been performed in

the authors’ clinical practice, in cadaver specimens, and compared the results with

those of the conventional SB reconstruction procedure [11].
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9.2 Is the Effect of the Anatomic SB ACL Reconstruction

Completely Identical to the Effect of the Anatomic DB

ACL Reconstruction?

9.2.1 Methods

Eight fresh-frozen cadaveric knees were used in this study [16]. Each knee was

mounted onto the specially designed apparatus, which was reported in the previous

literature in detail [17]. The intact knee was moved by hand from full extension to

110� of flexion and then back to extension for three cycles. Then, the below-

described measurement of the knee laxity was repeated in the normal knee and

the ACL-reconstructed knees. Each of the following loads was applied to the tibia:

(1) 90-N tibial anterior drawer force, (2) 5-Nm tibial internal rotation torque,

(3) 5-Nm tibial external rotation torque, and (4) a combined load to simulate the

pivot shift test: 50-N iliotibial tract tension, 5-Nm valgus moment, and 1-Nm tibial

internal rotation torque, according to our previous works [18, 19]. The iliotibial

tract was loaded by linking it with a nylon cable to a pneumatic cylinder. In each

loading condition, three cycles of knee flexion-extension between 0 and 110� were
repeated manually. The kinematics of the tibiofemoral joint was measured dynam-

ically with a Polaris stereo optical system (Northern Digital Inc., Waterloo, Canada)

with Traxtal active optical trackers (Traxtal Technologies Inc., Toronto, Canada)

mounted on the tibia and femur.

The conventional SB reconstruction procedure was performed using the same

technique as the above-described study (Fig. 9.1a) [10]. In anatomic SB recon-

struction, the tibial tunnel was placed at the center of the normal ACL attachment

between the medial and lateral tibial eminences, and the femoral tunnel was placed

at the center between the AM and PL bundle attachments (Fig. 9.1b). The anatomic

DB reconstruction was performed with the previously reported procedure with a

specially designed device (Fig. 9.1c) [20, 21]. After one reconstruction was made in

a cadaver knee, the knee laxity was measured. Then, after the graft was removed

and the vacant tunnel was filled with polyester resin paste, the next reconstruction

was performed and the knee laxity was measured. Thus, the knee laxity data after

each ACL reconstruction were obtained, independent from the order of measure-

ment. The following analyses were made using this database. The authors divided

the whole range of knee flexion into three ranges, a range between 0 and 30�, a
range between 35 and 70�, and a range between 75 and 110�, and comparisons were

made in each range. Rather than present normal laxity data, this article displays the

changes from normal, which has greater clarity regarding residual laxities after the

reconstructions.

9 Biomechanics of Single- and Double-Bundle ACL Reconstruction 101



9.2.2 Results

Under a 90-N anterior force (Fig. 9.2), the ANOVA demonstrates that the anatomic

SB reconstruction was significantly better than the conventional SB reconstruction

(p¼ 0.0211) only in the range between 0 and 30� and that there were no significant
differences in the other ranges of knee flexion (Table 9.1). On the other hand, the

anatomic DB reconstruction was significantly better than the conventional SB

reconstruction both in the range between 0 and 30� (p¼ 0.0027) and in the range

Fig. 9.1 (a, b, c): The conventional single-bundle procedure A, the single femoral tunnel was

placed at the center of the anatomic attachment of the anteromedial bundle of the ACL; B, the

tibial tunnel was placed at the center of the anatomic attachment of the ACL; C, the intra-articular

autogenous tendon graft was composed of 4 strands of tendons

(d, e, f): The anatomic single-bundle procedure A, the femoral tunnel was placed at the center of

the anatomic attachment of the ACL; B, the tibial tunnel was placed at the center of the anatomic

attachment of the ACL; C, the autogenous tendon portion of the graft was composed of 4 strands of

tendon

(g. h, i): The anatomic double-bundle procedure A, two femoral tunnels were created at the centers

of the anatomic attachments of the anteromedial and posterolateral bundles; B, two tibial tunnels

were created at the centers of the anatomic attachments of the anteromedial and posterolateral

bundles; C, the two tendon grafts placed in the tunnels (From Ref. [16]. Reprinted by permission of

SAGE Publications. 2011 American Orthopaedic Society for Sports Medicine)
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between 35 and 70� (p¼ 0.0041). Under a 5-Nm internal torque (Fig. 9.3), the

ANOVA demonstrates that the anatomic SB reconstruction was significantly better

than the conventional SB reconstruction (p¼ 0.0344) only in the range between

0 and 30� (Table 9.1). On the other hand, the anatomic DB reconstruction was

significantly better than the conventional SB reconstruction both in the range

between 0 and 30� (p¼ .0268) and in the range between 35 and 70� (p¼ 0.0479).

Under the simulated pivot shift test (Fig. 9.4), the ANOVA demonstrates that there

was no significant difference between the anatomic and conventional SB recon-

structions at each range of knee flexion (Table 9.1). On the other hand, the anatomic
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Fig. 9.2 The difference in

anterior translation from the

intact knee (which is the

zero-datum axis) under

90-N anterior load for

the intact and

ACL-reconstructed knee

(mean +/� standard

deviation). Values above

the datum axis represent

greater laxity compared

with the intact behavior, and

vice versa. R, reconstruction

Table 9.1 Comparisons of

the knee laxity between the

anatomic SB reconstruction

and the conventional SB

reconstruction in a range

between 0 and 30�, a range
between 35 and 70�, and a

range between 75 and 110�

Comparison 0–30 � 35–70� 75–110�

Under a 90-N anterior force

ASBa versus CSBb P¼ 0.0211 NS* NS

ADBc versus CSB P¼ 0.0027 P¼ 0.0041 NS

Under a 5-Nm internal torque

ASBa versus CSBb P¼ 0.0344 NS NS

ADBc versus CSB P¼ 0.0268 P¼ 0.0479 NS

Under the simulated pivot shift test

ASBa versus CSBb NS NS NS

ADBc versus CSB P¼ 0.0259 NS NS

These results were compared with the results of comparisons

between the anatomic double-bundle reconstruction and the con-

ventional SB reconstruction
*Not significant
aASB anatomic SB reconstruction
bCSB conventional SB reconstruction
cADB anatomic DB reconstruction
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DB reconstruction was significantly better than the conventional SB reconstruction

only in the range between 0 and 30� (p¼ 0.0259).

9.2.3 Discussion

The first study question was whether the effect of the anatomic SB reconstruction

on the knee stability is completely identical to the effect of the anatomic DB

reconstruction. The present analyses showed that the anatomic SB reconstruction

was significantly better concerning the knee stability under a 90-N anterior force
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Fig. 9.3 The difference

from the intact knee in tibial

internal rotation under

5-Nm internal rotation

torque for the

ACL-reconstructed knee

(mean +/� standard

deviation). R,
reconstruction (From Ref.

[16]. Reprinted by

permission of SAGE

Publications. 2011

American Orthopaedic

Society for Sports

Medicine)
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Fig. 9.4 The difference in

the tibial anterior translation

from the intact knee during

the pivot shift for the

ACL-reconstructed knee

(mean +/� standard

deviation). ACL anterior

cruciate ligament,

R reconstruction (From
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and a 5-Nm internal torque than the conventional SB reconstruction in a range

between 0 and 30�. However, it is noted that there were no significant differences

between the two reconstructions not only in the other ranges of knee flexion under

these loading conditions but also in all the ranges under the simulated pivot shift

test. On the other hand, the anatomic DB reconstruction was significantly better

concerning the knee stability under a 90-N anterior force and a 5-Nm internal

torque than the conventional SB reconstruction not only in a range between 0 and

30� but also in the range between 35 and 70�. In addition, the anatomic DB

reconstruction was significantly better under the simulated pivot shift test than

the conventional SB reconstruction in a range between 0 and 30�. These results

showed that although both the anatomic SB and DB reconstructions were signifi-

cantly better than conventional SB reconstruction, the effect of the anatomic SB

reconstruction on the knee stability is not completely identical to the effect of the

anatomic DB reconstruction. Namely, a significant effect of anatomic DB recon-

struction on the knee laxity can be found in a wider range of knee flexion under each

loading condition in comparison with the anatomic SB reconstruction. From the

clinical viewpoint, the authors can say that the anatomic DB reconstruction is

biomechanically superior to the anatomic SB reconstruction.

The biomechanical reason of the difference between the effects of the two

anatomic reconstructions is speculated. Yamamoto et al. [22] reported that the

effect of “laterally placed” SB reconstruction, in which the femoral tunnel was

created at the center of the PL bundle attachment on the femur, on the knee stability

was not significant in a range of knee flexion, but significant only in a range near

full extension. In the anatomic SB reconstruction, the femoral tunnel was created at

the center between the AM and PL bundle attachments. The distance between the

two femoral tunnels created in these two reconstructions was only several millime-

ters. Therefore, the bundle created in anatomic SB reconstruction is considered to

become slack in a range of knee flexion, although the degree of the slackness may

be less than the bundle created in the “laterally placed” SB reconstruction. The

complex function of the ACL results from integration of the AM and PL bundle

functions. Therefore, it is considered that there is a limit in reconstructing the ACL

with one bundle. Thus, this study showed that, biomechanically, the anatomic DB

procedure can reconstruct the ACL function closer to the normal one than the

anatomic SB procedure, at least, immediately after surgery. In the anatomic DB

reconstruction, anterior tibial translations were slightly over constrained immedi-

ately after surgery. However, after ACL reconstruction, stress relaxation occurs

immediately after surgery even after rigorous preconditioning [23]. This should be

taken into account, independent of the type of fixation device [24, 25]. Preliminary

in vivo data [9, 10, 29–31] suggest that anatomic DB reconstruction can restore

normal knee kinematics, but further studies including research on anatomic SB

reconstruction are required before definitive conclusions can be reached.
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9.3 Can the Clinically Available Transtibial Anatomic DB

Procedure Really Obtain Significantly Better Knee

Stability in Comparison With Conventional SB

Reconstruction Procedure?

9.3.1 Methods

A different biomechanical study was performed to compare the anatomical DB

reconstruction performed with the arthroscopic transtibial procedure, which has

been clinically used, with the conventional SB reconstruction procedure using eight

fresh-frozen cadaveric knees [11]. These two procedures were reported in the

previous clinical study [10]. The same measurement system and loading conditions

as the above-described study [16] were used in this experiment. The test regimen

was repeated with the knee in three further states: (1) after arthroscopic transection

of the ACL, (2) after arthroscopically assisted anatomic DB ACL reconstruction,

and (3) after arthroscopically assisted SB ACL reconstruction. The bone tunnels

were filled with polyester resin paste.

9.3.2 Results

Under a 90-N anterior force, the anterior translation versus flexion curves for SB

and DB reconstruction were significantly less than in the ACL-deficient knee

(p< 0.0235) (Fig. 9.5). Tibial anterior translation with the DB reconstruction was

a mean of 3.5 mm less than with the SB reconstruction at 20� of knee flexion, and
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post hoc testing found that this difference was significant at all flexion angles from

0 to 75� (p <0.0119). Under 5-Nm internal torque (Fig. 9.6), the tibial rotation with

the DB reconstruction was a mean of 2.5� less than that with the SB reconstruction

near knee extension. Post hoc testing showed that this was significantly less from

0 to 45� of knee flexion (p <0.0347). Significant differences were not found

between the ACL-deficient knee and the SB reconstruction. Under the simulated

pivot shift test (Fig. 9.7), the anterior translation versus flexion curves were

significantly different among the ACL-deficient knee and the SB and DB recon-

structions (p< 0.0001). The anterior translation with the DB reconstruction was

significantly less than with the SB reconstruction (p¼ 0.0006); the post hoc tests

found significant differences (p< 0.0387) at 20 and 25� of knee flexion, where the
mean difference in the anterior shift was 2 mm. Thus, this study showed that
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anterior laxity under anterior tibial load, rotational laxity under internal tibial

torque, and anterior laxity under pivot shift loading were significantly less after

the anatomic DB reconstruction performed with the arthroscopic transtibial proce-

dure, which has been clinically used, than after the conventional SB reconstruction.

9.3.3 Discussion

The second study question was whether the clinically available transtibial proce-

dure for anatomic DB reconstruction can really obtain significantly better knee

stability in comparison with the conventional SB reconstruction procedure. The

anterior translation laxity in response to a 90-N anterior drawer force was signif-

icantly less after the anatomic DB reconstruction than after the SB reconstruction

from 0 to 75� of knee flexion. Previous biomechanical studies have shown that the

PL bundle of the intact ACL carries one-half to two-thirds of the total force in the

ACL near full extension of the knee, when the knee is subjected to an anterior tibial

load [8, 26, 27]. As the conventional SB reconstruction reproduces only the AM

bundle, loss of the function of the natural PL bundle is considered to result in the

insufficient function in the conventional SB reconstruction in the range between

0 and 75� of knee flexion. On the other hand, Yamamoto et al. [22] and Yasuda

et al. [28] reported that the reconstructed PL bundle cannot restrain anterior tibial

translation at flexion angles of the knee. This fact explains the similarity concerning

the knee laxity between the two reconstructions: namely, only the reconstructed

AM bundle stabilizes the knee near flexion position in response to anterior

tibial load.

For tibial internal rotation torque, the anatomic DB reconstruction restored the

tibial rotation of the ACL to the level of the intact knee, whereas the conventional

SB reconstruction did not. Yasuda et al. [28] measured the AM and PL graft

tensions intraoperatively and found that tension of the PL graft was increased

significantly by internal rotation at 15 and 30� of knee flexion. On the other hand,

a graft placed in the conventional SB reconstruction was more vertical than the two

bundles placed in the anatomic DB reconstruction, so it could not effectively the

knee near extension in response to 5-Nm internal rotation torque.

In the pivot shift loading, the conventional SB reconstruction allowed a “mini-

pivot” to persist. In previous biomechanical and clinical studies [18, 19], it was

reported that SB ACL reconstruction frequently leaves a residual mini-pivot. Woo

et al. [1] reported that the SB reconstruction using the hamstring tendon graft or the

bone-patella tendon-bone graft cannot completely restore the normal anterior laxity

and that it is not effective for rotatory instability. In addition, kinematic studies

[3, 4] demonstrated that SB reconstruction with the bone-patella tendon-bone or

hamstring tendon graft did not have a significant effect on the rotatory instability

during walking or more active activities. This study supported the evidence that the

rotatory instability may persist after conventional SB reconstruction. Recent clin-

ical studies [29–31] have reported that 32–49% of the patients had a positive pivot
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shift, grade 1 or 2, at a few years after SB ACL reconstruction. These studies

implied that clinical results for the pivot shift test after common SB reconstruction

procedures may be worse than the previously expected result.

9.4 Clinical Relevance of These Studies

These biomechanical results cannot directly refer to selection of ACL reconstruc-

tion procedure in the clinical field, because the selection is decided from various

clinical viewpoints, including not only biomechanical superiority but also surgeon’s
skill, frequency of postoperative graft failure, cost of the surgery, and so

on. However, one of the final goals of ACL reconstruction is the complete resto-

ration of normal knee stability in all patients. The authors believe that the biome-

chanical superiority in knee stability may affect the long-term clinical results

concerning postoperative meniscus damage and/or osteoarthritic changes, resulting

in possible superiority in future subjective and functional evaluations. To pursue the

complete restoration of normal knee stability in the long-term clinical results, it is

essential to select the procedure in which the biomechanical function of the

reconstructed ACL is the closest to that of the normal ACL at the time of surgery.

Therefore, the authors believe that the anatomic DB reconstruction is the most

effective procedure to pursue the final goal of ACL reconstruction. However,

surgeons should have sufficient skill to successfully perform the anatomic

double-bundle reconstruction.
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Chapter 10

ACL Injury Mechanisms

Hideyuki Koga and Takeshi Muneta

Abstract Model-based image-matching (MBIM) technique has enabled detailed

video analysis of injury situations that had been limited to simple visual inspection.

We have analyzed anterior cruciate ligament (ACL) injury situations from ten

analogs and one HD video sequence using the MBIM technique. The knee kine-

matical patterns were remarkably consistent, with immediate valgus and internal

rotation (IR) motion occurring within 40 ms after initial contact (IC), and then an

external rotation was observed. Peak vertical ground reaction force (GRF) occurred

at 40 ms after IC. Based on these results, it is likely that the ACL injury occurred

approximately 40 ms after IC. 9 mm of abrupt anterior tibial translation at the time

of injury was also detected in the HD video. On the other hand, the hip kinematics

was constant at abducted, flexed, and IR position during 40 ms after IC. Based on

these results together with previous studies, we proposed a new hypothesis for ACL

injury mechanisms that valgus loading and lateral compression generate IR motion

and anterior translation of tibia, due to the joint geometry, resulting in ACL rupture.

Moreover, it seems that the hip is relatively “locked” at IC and cannot absorb

energy from GRF and knee is exposed to a larger force, which leads to ACL injury.

These results suggest that prevention programs should focus on acquiring a good

cutting and landing technique with knee flexion avoiding knee valgus and foot

internal rotation and with hip flexion to absorb energy from GRF. Moreover, the

fact that the ACL injury occurs 40 ms after IC suggests that “feed-forward”

strategies before landing may be critical, as “feedback” strategies are too slow to

prevent ACL injuries.
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10.1 Introduction

Anterior cruciate ligament (ACL) injuries occur mostly during sports activities, and

the incidence remains high, especially in young athletes. Recent development of

ACL reconstruction procedures has enabled such athletes’ return to sports, and

favorable clinical results have been achieved; yet it takes a relatively long period

for most athletes to get back to sports activities. It has also been reported that ACL

reconstruction could not prevent progression of osteoarthritis [1]. Therefore, impor-

tance of ACL injury prevention has been emphasized, and various ACL injury

prevention programs have been developed successfully [2–6]; however, it is not

well understood how the different elements in these multicomponent programs play

particular roles in preventing the injury. The most common mechanism of ACL

injuries for the sports commonly associated with this injury was noncontact, except

men’s contact sports, and the noncontact mechanism predominantly occurs during

cutting or one-leg landing maneuvers [7–9]. Nevertheless, to develop more targeted

injury preventive programs, a more detailed description of the mechanism(s) of

noncontact ACL injuries is needed.

10.1.1 Research Approaches to Injury Mechanisms

As mentioned above, it is important to understand the detailed injury mechanisms

in order to develop specific prevention methods for ACL injuries. A number of

different methodological approaches have been used to investigate ACL injury

mechanisms. These include athlete interviews, clinical studies, laboratory motion

analysis, video analysis, cadaver studies, and mathematical simulations [10].

10.1.2 Previously Proposed ACL Injury Mechanisms

Noncontact ACL injury mechanisms have been investigated using the

abovementioned approaches, and several theories have been proposed; however,

it is still a matter of controversy, with the main opponents favoring either sagittal or

non-sagittal plane knee joint loading. DeMorat et al. proposed that aggressive

quadriceps loading was responsible, based on a cadaver study which demonstrated

that aggressive quadriceps loading could take the ACL to failure [11,12]. In

contrast, Mclean et al., based on a mathematical simulation model, argued that

sagittal plane loading alone could not produce such injuries [13,14]. A prospective

cohort study among female athletes, showing that increased dynamic valgus and

high valgus loads increased injury risk, leads Hewett et al. to suggest valgus loading

as an important component [15,16]. Some video analyses also showed that valgus

collapse seemed to be the main mechanism among female athletes [8,9]. However,
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cadaver studies and mathematical simulation have shown that pure valgus motion

would not produce ACL injuries without tearing the medial collateral ligament

(MCL) first [17,18].

Nevertheless, other simulation studies have suggested that valgus loading would

substantially increase ACL force in situations where an anterior tibial shear force is

applied [19]. In the MRI findings, Speer et al. reported that bone bruises of the

lateral femoral condyle or posterolateral portion of tibial plateau occurred in more

than 80% of acute ACL noncontact injuries. They concluded that valgus in

combination with internal rotation and/or anterior tibial translation occurred at

the time of ACL injuries [20]. Furthermore, it has been shown that valgus loading

induces a coupled motion of valgus and internal tibial rotation [21,22].

Although both cadaver studies and MRI studies have suggested that internal

rotation is present in ACL injury situations, video analyses have suggested that

valgus in combination with external rotation is the most frequent motion pattern

[9,23].

10.1.3 Development of Model-Based Image-Matching
Technique

Among several different approaches to investigate ACL injury mechanisms, video

analysis of injury tapes is the only method available to extract kinematic data from

actual injury situations. However, video analyses have so far been limited to simple

visual inspection [7,9,24], and the accuracy of this method has been shown to be

poor, even among experienced researchers [25]. In addition, simple visual inspec-

tion is not sufficient to extract a time course for joint angles, velocities, and

accelerations; therefore, it is difficult to determine the point of ACL rupture. The

analyses are also compromised with poor video qualities.

Therefore, model-based image-matching (MBIM) technique has been developed

as an alternative to simple visual inspection, in order to extract joint kinematics

from video recordings using one or more uncalibrated cameras [26–29]. Detailed

procedure of the MBIM technique has been described in the literatures; the idea of

this technique is that matching a model to the background video sequences gives an

estimate of the actual three-dimensional body kinematics using the commercially

available program Poser® and Poser® Pro Pack (Curious Labs Inc., Santa Cruz,

California, USA). This technique has been validated in noninjury situations in a

laboratory environment. The MBIM technique has shown to be much more accurate

than the simple visual inspection approach, and the validation study has shown that

root-mean-square (RMS) differences for knee flexion, abduction, and rotation with

two or three cameras were less than 10�, 6�, and 11�, respectively [25,26]. Another

study also found this technique to be feasible for use in actual ACL injury situations

[29]. Therefore, videotapes of noncontact ACL injury situations were analyzed
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using the MBIM technique to describe detailed kinematics of ACL injuries, in order

to identify ACL injury mechanisms.

10.2 Biomechanics in Noncontact ACL Injuries

Ten ACL injury situations from women’s team handball (n¼ 7) and basketball

(n¼ 3), recorded with at least two analog cameras during TV broadcasts, were

analyzed using MBIM technique (Fig. 10.1); all of them occurred during game

situations [27]. All the players were handling the ball in the injury situation; seven

were in possession of the ball at the time of injury, two had shot, and one had passed

the ball. In six cases, there was player-to-player contact with an opponent at the

time of injury, all of them to the torso being pushed or held. There was no direct

contact to the knee. The injury situations could be classified into two groups; seven

cases occurred when cutting and three during one-leg landings.

The knee kinematical patterns were remarkably constant among the ten cases

(Fig. 10.2). The knee was relatively straight, with a flexion angle of 23� (range,

Fig. 10.1 An example of a video matched in Poser, two-camera handball injury situation 40 ms

after initial contact (IC). The two top panels show the customized skeleton model and the handball

court model superimposed on and matched with the background video image from two cameras

with different angles. The two bottom panels show the skeleton model from back and side views

created in Poser
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11–30�) at initial contact (IC) and had increased by 24� (95% CI, 19–29�,
p< 0.001) 40 ms later. The knee abduction angle was neutral, 0� (range, �2–3�)
at IC, but had increased by 12� (95% CI, 10–13�, p< 0.001) 40 ms later. As for

knee rotation angle, the knee was externally rotated 5� (range, �5–12�) at IC, but
abruptly rotated internally by 8� (95% CI, 2–14�, p¼ 0.037) during the first 40 ms.

From 40 ms to 300 ms after IC, however, we observed an external rotation of 17�

(95% CI, 13–22�, p< 0.001). In addition, the estimated peak vertical ground

reaction force (GRF) was 3.2 times body weight (95% CI, 2.7–3.7) and occurred

at 40 ms (range, 0–83) after IC. On the other hand, the hip kinematics was constant

at 20� abducted, 50� flexed, and 30� IR position during 40 ms after IC (Fig. 10.3).

However, limitations of the abovementioned analysis were how accurate the

joint kinematics and timing of peak GRF could be estimated from the relatively low

Fig. 10.2 Time sequences of the mean knee angles (�) (black line) of the ten cases with 95%

confidence intervals (CI) (gray area). Time 0 indicates IC and the dotted vertical line indicates the
time point 40 ms after IC

10 ACL Injury Mechanisms 117



frame rate (50 or 60 Hz) and low-quality images (768� 576 pixels) in analog video

sequences, and therefore we were unable to assess the anterior translation of the

tibia. However, a noncontact ACL injury situation in a male footballer was avail-

able which had been recorded using four high-definition (HD) cameras including

two high-speed recordings (100 and 300 Hz) [28]. In this case, the 26-year-old male

elite football player suffered a noncontact ACL injury to his right knee during a

national team match, when he tried to stop after having passed the ball with his right

leg. This case was analyzed using the MBIM technique to describe the more

detailed joint kinematics, including tibial translations (Fig. 10.4). Knee kinematics

in this case was strikingly consistent with the previous analyses of the ten cases

Fig. 10.3 Time sequences of the mean hip angles (�) (black line) of the ten cases with 95% CI

(gray area). Time 0 indicates IC and the dotted vertical line indicates the time point 40 ms after IC
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(Fig. 10.5). The knee was flexed 35� at IC, with initial extension (26� of flexion)

until 20 ms after IC, after which flexion angle continued to increase. The knee

abduction angle was neutral at IC, but had increased by 21� 30 ms later. The knee

was externally rotated 11� at IC, but abruptly rotated internally by 21� during the

first 30 ms, and then changed its direction to external rotation after this. In addition,

Fig. 10.4 A soccer injury situation recorded using HD cameras. Each panel shows the customized

skeleton model and the football pitch model superimposed on and matched with the background

video image from each camera. Overview camera and rear camera had an effective frame rate

after being deinterlaced of 50 Hz, frontal camera 100 Hz, and side camera 300 Hz

Fig. 10.5 Time sequences of knee joint angles (left axis) and anterior tibial translation (right axis)
in the soccer case. Time 0 (a) indicates IC and the dotted vertical lines (b) and (c) indicate the time

point 20 and 30 ms after IC, respectively
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anterior tibial translation was able to be detected; it started to occur at 20 ms after

IC, where the knee was the most extended, and by 30 ms after IC approximately

9 mm of anterior translation had occurred. The translations plateaued by 150 ms and

then shifted back to a reduced position between 200 ms and 240 ms after IC.

10.3 Timing of Noncontact ACL Injuries

It has not been possible to determine the exact timing of ACL injury from video

analysis based on simple visual inspection [7–9]. However, this may be possible by

using the MBIM technique, by assessing abnormal joint configurations, sudden

changes in joint angular motion, and timing of GRFs. The extracted knee kinemat-

ics during ACL injuries using MBIM technique showed that sudden increase of

valgus and internal rotation angle occurred within the first 40 ms after IC. These

periods also correspond to the average peak vertical GRF in these cases. Moreover,

in the case recorded using HD cameras, abrupt anterior tibial translation reached

9 mm in 30 ms after IC, which corresponds to the maximum anterior translation in

intact knees [30,31]. Based on these results, together with the previous studies

showing that the ACL was strained shortly (approximately 40 ms) after IC in

simulated landing [19,32], it seems likely that the injury occurs within 40 ms for

the majority of these cases.

10.4 Mechanisms for Noncontact ACL Injury

As already mentioned, valgus collapse in combination with external rotation (i.e.,

knee in, toe out) has been frequently identified as an ACL injury mechanism in

simple visual inspection of injury videotapes. However, it has been discussed as to

whether this kinematics actually represents the cause for ACL injuries or simply is a

result of the ACL being torn [9,23]. Our results using the MBIM technique showed

that immediate valgus motion occurred within 40 ms after IC. The abrupt internal

rotation also occurred during the first 40 ms after IC, and then external rotation was

observed, which seems to have occurred after the ACL was torn. In addition,

anterior tibial translation started a little later after IC and increased abruptly until

when the injury might have occurred. The discrepancy between the previous studies

and our results could be that the abrupt internal rotation and anterior tibial transla-

tion observed using the MBIM technique analysis are likely not easily detected

from visual inspection alone; the external rotation that occurs afterwards is more

pronounced and therefore easier to observe. The internal-to-external rotation

sequence with anterior tibial translation has also been reported previously. In a

recent cadaver study, the application of pure compressive loads led to anterior tibial

translation and internal tibial rotation of up to 8�, followed by a sudden external

rotation of 12�[31]. The combination of internal tibial rotation and anterior tibial
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translation is probably caused by the joint surface geometry. The concave geometry

of the medial tibia facet combined with the slightly convex lateral tibia facet may

cause the lateral femoral condyle to slip back. This may also explain why

ACL-injured patients tend to have greater posterior lateral tibial plateau slopes

than uninjured controls [33–35].

Combining the results obtained using the MBIM technique with previous find-

ings, the following hypothesis for the mechanism of noncontact ACL injury is

proposed (Fig. 10.6): (1) when valgus loading is applied, the MCL becomes taut

and lateral compression occurs. (2) This compressive load causes a lateral femoral

posterior displacement, probably due to the posterior slope of lateral tibial plateau,

and the tibia translates anteriorly and rotates internally, resulting in ACL rupture.

(3) After the ACL is torn, the primary restraint to anterior translation of the tibia is

gone. This causes the medial femoral condyle to also be displaced posteriorly,

resulting in external rotation of the tibia. This external rotation may be exacerbated

by the typical movement pattern when athletes plant and cut, where the foot

typically rotates externally relative to the trunk.

10.5 Hip’s Role in ACL Injury Mechanisms

Lower extremities act as a kinetic chain during dynamic tasks and the control of hip

motion largely affects the knee motion. Researchers have studied the relationships

between hip biomechanics and ACL injury. In terms of risk factor of ACL injury in

hip biomechanics, Decker et al. [36] reported that, in drop landing, energy absorp-

tion at hip joint and hip flexion angle at IC were less in females than in males.

Schmitz et al. [37] reported that, in single-leg landing, energy absorption at hip and

Fig. 10.6 The proposed noncontact ACL injury mechanism. (a) An unloaded knee. (b) When

valgus loading is applied, the MCL becomes taut and lateral compression occurs. (c) This

compressive load causes a lateral femoral posterior displacement, probably due to the posterior

slope of lateral tibial plateau, and the tibia translates anteriorly and rotates internally, resulting in

ACL rupture. (d) After the ACL is torn, the primary restraint to anterior translation of the tibia is

gone. This causes the medial femoral condyle to also be displaced posteriorly, resulting in external

rotation of the tibia
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total hip flexion displacement were smaller in female, whereas peak vertical GRF

was larger in female. Yu et al. [38] also reported that hip flexion angular velocity at

IC was negatively correlated with peak vertical GRF in stop-jump task. When it

comes to ACL injury mechanisms, Heshemi et al. [39] reported that, in a cadaver

study, a restricted flexion of the hip at 20� combined with low quadriceps and

hamstring force levels in simulated single-leg landing were found to be conductive

to ACL injury. A video analysis has shown that ACL-injured subjects’ hip flexion

and abduction angle was constant during 100 ms after IC, whereas uninjured control

subjects’ hip flexion increased by 15� in cutting/landing maneuvers [40]. Our study

using MBIM technique also showed that hip kinematics was constant during 40 ms

after IC at abducted, flexed, and internally rotated position, which seems to play a

significant role in the mechanism of ACL injury. In this regard, Hashemi et al. [41]

have proposed a mechanism called “hip extension, knee flexion paradox,” i.e.,

mismatch between hip and knee flexion in landing is the cause of ACL injury. In

normal condition, both the knee and hip flex together in landing, whereas in

unbalanced landing, the knee is forced to flex but hip is forced to extend, and

tibia will undergo anterior translation, which will increase the risk of ACL injury.

There are some possible causes of hip/knee mismatch: (1) in sagittal plane,

upright or backward-leaning trunk position at IC makes center of mass posterior to

the knee, and increased GRF may encourage more knee flexion than hip flexion and

relatively act to extend the hip. (2) In the other plane, insufficient hip abductor/

external rotator strength or activation would lead to adducted/internally rotated

position of the hip, causing knee valgus. (3) Large hip internal rotation at IC seen in

our video analysis could also be an explanation; ACL-injured patients could have

limited range of motion in internal rotation [42], and hip joint may be locked at a

large internally rotated position. As a matter of fact, hip dysplasia has also been

reported to be a risk factor of ACL injury [43]. It has also been reported that

decreased range of internal femoral rotation results in greater ACL strain [44].

For these reasons, it seems that hip joint is relatively locked at IC and cannot

absorb energy from GRF, and knee joint is exposed to larger force, which leads to

ACL injury. Therefore, it is important that prevention efforts should focus not only

on knee joint but also on hip joint.

10.6 Tips for ACL Injury Prevention Based

on the Proposed Mechanisms

Based on the mechanisms clarified using MBIM technique, prevention strategy for

ACL injury can be proposed as follows: (1) as the kinematics when ACL injury is

happening is knee valgus and internal rotation with the hip being locked, it is

important to acquire a good cutting and landing technique with knee flexion

avoiding knee valgus and foot internal rotation and with hip flexion to absorb

energy from GRF, avoiding hip internal rotation. (2) As ACL injuries occur
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approximately 40 ms after IC, it is likely that a “feedback” strategy, i.e., ACL

prevention program focusing on training after landing, cannot prevent ACL injury;

it takes at least 150–200 ms to react after landing at risk. Prevention efforts should

focus on a “feed-forward” strategy before landing, i.e., training muscular

pre-activation and neural control during the pre-landing phase.
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Part III

Diagnostics of ACL Injury



Chapter 11

Physical Examinations and Device

Measurements for ACL Deficiency

Ryosuke Kuroda, Takehiko Matsushita, and Daisuke Araki

Abstract Anterior cruciate ligament (ACL) injury is one of the most common knee

traumas, particularly during sport activities. “Giving way” is a subjective symptom

of the knee with ACL insufficiency. A number of clinical tests for ACL laxity have

been proposed since it was first described by Stark in 1850. To quantitatively

evaluate knee laxity, several knee ligament measurement devices have been also

developed. The results of the manual tests and quantitative measurement are

described in a grading system for further clinical evaluations, most commonly

using the IKDC (International Knee Documentation Committee) evaluation form.

Recently the importance of pivot-shift test as a detector of a dynamic rotational

instability has been reported. In recent years, with new technologies, dynamic

three-dimensional knee instability measurement devices also have been developed.

Keywords ACL injury • Diagnosis • Physical examinations • Lachman test •

Pivot-shift test

11.1 Introduction

Anterior cruciate ligament (ACL) injury is one of the most common knee traumas

and is one cause of anterior knee instability, particularly during sport activities. A

number of clinical tests for detecting the laxity of ACL have been proposed [1–5]

since Stark first described the manual test for ACL injury in 1850 [6]. For example,

to evaluate anterior knee instability, Torg and colleagues [7, 8] advocated the

Lachman test. Other methods for assessing rotational knee instability have included

the pivot-shift test [9], the jerk test [2], the anterolateral rotatory instability test, the

Losee test [3], and the crossover test [1]. Though these tests are useful to detect

ACL injuries and to evaluate the laxity, one of the problems in those manual tests is

a lack of objectivity. Therefore to quantitatively evaluate knee laxity, several knee

ligament measurement devices have been developed. Among these, the KT-1000
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arthrometer has been widely used for diagnosis and preoperative and postoperative

evaluation of ACL-deficient knees, because of its accuracy and reproducibility in

the measurements of tibial anterior/posterior translation (Fig. 11.1) [10, 11]. In

recent years, new measurement devices for evaluating dynamic knee instability

have been developed.

This section describes the current concepts of physical examinations and device

measurements for ACL insufficiency in ACL-injured and ACL-reconstructed

knees.

11.2 Lachman Test

To evaluate anterior knee instability accurately, Torg and colleagues [7, 8] advo-

cated the Lachman test that evaluates the greatest difference in anterior/posterior

translation of the tibia between injured and intact knees, with the patient’s knee

joint at 10–25� of knee flexion angle (Fig. 11.2) [12–16]. It has been shown that the
Lachman test is highly sensitive for detecting ACL deficiency [12, 17–20], while

the anterior drawer sign, which evaluates anterior/posterior tibial translation at 90�

of knee flexion, has been reported to be a poor diagnostic indicator of ACL injuries,

especially in an acute setting [12]. Ostrowski [15] and Benjaminse et al. [13]

suggested that the Lachman test is the most sensitive and the pivot-shift test is

the most specific for detecting ACL rupture. Many authors have shown the integrity

Fig. 11.1 The KT-1000 arthrometer has been widely used for diagnosis and preoperative and

postoperative evaluation of ACL-deficient knees, because of its accuracy and reproducibility in the

measurements of tibial anterior/posterior translation
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of the Lachman test for assessing ACL-deficient knees. Although the Lachman test

has been used as a simple, reliable, and reproducible method for demonstrating

ACL deficiency with clinical grades (Table 11.1) [7], this maneuver is still

performed by a subjective nonparametric classification [2]. Kuroda

et al. examined the similarities and differences in manual tests for ACL deficiency

among international orthopedic surgeons using questionnaires and electromagnetic

measurement system (EMS) and found that a relatively similar technique was used

for the Lachman test across the world, whereas the actual knee kinematics of the

Lachman tests was highly diverse between examiners [21]. Therefore objective

assessments of anterior/posterior translation during the Lachman test are still

required to accurately evaluate the knee laxity.

11.3 Static Anterior Instability Measurement

Several studies have attempted to objectively evaluate the Lachman test by sub-

jective assessment. Lerat et al. [22] examined the anterior/posterior displacement in

563 normal knees and 487 ACL-deficient knees using stress radiography with an

anterior load of 9 kg at 20� knee flexion angle, which mimicked the Lachman test.

They used the posterior femoral condyle and posterior tibial plateau as reference

points on radiography and measured the anterior/posterior translation in both the

medial and lateral compartments. Logan et al. [23] investigated the Lachman test

Fig. 11.2 Lachman test that evaluates the difference in anterior/posterior translation of the tibia

between injured and intact knees, with the patient’s knee joint at 10–25� of knee flexion angle
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using magnetic resonance imaging (MRI). They showed that the ruptures of the

ACL led to anterior tibial translation coupled with tibial internal rotation and

suggested that performing the Lachman test with MR scanning would be useful

for evaluating ACL-deficient knees. However, it is difficult to perform this test by

the use of MRI in daily practice. To quantitatively evaluate knee laxity, several

knee ligament measurement devices have been developed including the KT-1000

knee ligament arthrometer (MED metric, San Diego, CA) [10, 24], Genucom knee

analysis system (FARO Technologies Inc., Lake Mary, FL) [25], and Rolimeter

(Aircast Europe, Neubeuern, Germany) [26, 27]. Daniel et al. [24, 28] developed

the KT-1000 arthrometer as a measurement instrument for anterior tibial transla-

tion. The KT-1000 measures anterior/posterior tibial displacement by tracking the

tibial tubercle in relation to the patella while applying a maximummanual force or a

constant force to the tibia. Many studies have supported the utility of the KT-1000

arthrometer showing a relatively high accuracy and reproducibility in the measure-

ment of tibial anterior/posterior laxity [29, 30]. To date, the KT-1000 arthrometer is

the most widely used device to diagnose ACL deficiency and to evaluate the pre-

and postoperative anterior laxity of the ACL-injured knees.

11.4 Pivot-Shift Test

The pivot-shift phenomenon [9, 31], which consists of a tibial anterior dislocation

and a subsequent reduction of lateral compartment of the knee joint, is a dynamic

instability [3, 9]. Losee reported the pivot-shift test in which the hip was abducted

and the knee was passively flexed from full extension with internal tibial torque,

axial load, and valgus stress applied manually to induce the pivot-shift phenomenon

(Fig. 11.3) [3]. The pivot-shift test is usually positive in ACL-deficient knees but

sometimes positive in ACL-reconstructed knees in which anterior stability has been

successfully restored. The pivot-shift test has been reported to be associated with

subjective symptoms and knee functions [32]; therefore, this test has been consid-

ered as an important test to assess knee stability. The grade of the pivot-shift

phenomenon can be graded by the examiner subjectively as none (�), glide (+),

clunk (++), or gross (+++) according to the International Knee Documentation

Committee (IKDC) form (Table 11.2) [33].

Kuroda et al. examined the similarities and differences in the pivot-shift test

among international orthopedic surgeons using questionnaires and reported the

Table 11.1 Lachman test and its clinical grades

Four grades Normal

Nearly

normal Abnormal

Severely

abnormal

Lachman (25� flex)
manual max

�1 to 2 mm 3 to 5 mm 6 to 10 mm >10 mm

Anterior endpoint Firm Soft
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detail of pivot-shift test. As for the pivot-shift test, most of the orthopedic sports

surgeons recommend advocating the “flexion from extended position” maneuver,

while “extension from flexed position” was still supported by a few doctors.

Although valgus stress was applied during the pivot-shift test almost exclusively,

there was a mixed opinion as to which, internal or external, rotational stress is

applied for the pivot-shift test, while internal rotational stress was more advocated

than external rotational stress. In addition, axial loading was commonly employed

to examine the pivot shift [21].

11.5 Quantitative Measurement of Dynamic Rotational

Instability

It is reported that patients’ ability to return to their preinjury activity level after

anterior cruciate ligament (ACL) reconstruction is still low [34]. One of the

possible reasons is that abnormal knee joint kinematics remain despite anterior

knee laxity has been improved by the ACL reconstruction. Indeed abnormal joint

Fig. 11.3 The pivot-shift test: the hip was abducted and the knee was passively flexed from full

extension with internal tibial torque, axial load, and valgus stress applied manually to induce the

pivot-shift phenomenon

Table 11.2 Pivot-shift test and its clinical grades

Four grades Normal Nearly normal Abnormal Severely abnormal

Pivot shift Equal + glide ++ clunk +++ gross
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kinematics in ACL-reconstructed knees were detected in laboratory settings and

reported in many research trials [35–38]. However, these laboratory tests cannot be

easily performed in daily clinical practice because of their invasiveness, cost, and

space issues.

The pivot-shift test [3, 9] is commonly performed in a clinical setting [33], and it

has been reported to be associated with subjective symptoms and knee functions

[32]. Therefore, the pivot-shift test could detect abnormal knee kinematics and is a

convenient test in the evaluation of results of ACL reconstructions. As mentioned in

the previous section, the results of the manual tests are often described in a grading

system for further clinical comparisons, most commonly using the IKDC evaluation

form [39]. However, the clinical evaluation of the manual tests is subjectively

determined by the examiners’ hands due to the lack of objective measurement

systems resulting in inconsistency across examiners [40].

Some objective measurement systems have been developed and used in research

and clinical practice to monitor the three-dimensional (3D) position displacement

of the tibial dislocation during the pivot-shift test [40–42]. However, the measure-

ment of the 3D position displacement in those research can be regarded as a static

measurement that is assumed to be insufficient to quantify the dynamic instability

and to have little relationship to subjective knee functions [32, 43]. Therefore, to

quantitatively evaluate dynamic instability such as pivot-shift test in ACL-deficient

and ACL-reconstructed knees is crucial for more accurately assessing clinical

results after ACL reconstruction.

Several objective measurement parameters have been introduced to monitor the

3D position displacement of the tibia in relation to the femur during the pivot-shift

test [40, 42]. It has been suggested that a more dynamic parameter, such as 3D

acceleration, should represent the dynamism of the pivot-shift phenomenon and can

be more related to the dynamic rotatory knee laxity [21, 44–48]. 3D-kinematic

assessments of the pivot-shift phenomenon have been attempted in in vitro studies

[42, 49–51] and in intraoperatively using a sensor measurement system [41]. How-

ever, those measurement systems cannot be utilized in current clinical setting due to

the invasiveness and/or the obstructiveness to the pivot-shift testing maneuver.

Based on the background, noninvasive measurement systems have been devel-

oped. Electromagnetic measurement system, noninvasive in vivo measurement

system, was developed [44, 48, 52], using an electromagnetic sensors. This system

can measure the 6� of freedom of the knee during the pivot-shift test with a high

sampling rate (240 Hz). It enables monitoring of 3D position displacement instan-

taneously and calculates a 3D acceleration of posterior translation (APT) of the

tibia and coupled anterior tibial translation (c-ATT) during pivot-shift test. Mushal

and Hoshino et al. developed a noninvasive image measurement system using iPad.

The abnormal lateral translation during pivot-shift phenomenon in ACL-deficient

knees was detected by the iPad application [53]. Lopomo et al. developed an

accelerometer system using a commercial triaxial accelerometer [46]. They

reported the accelerometer mounted on the patient’s tibia could detect 3D acceler-

ation during the pivot-shift test and that the values in the ACL-deficient knees were

significantly higher than those in the contralateral healthy limbs. These newly
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developed noninvasive measurement systems can be useful to measure dynamic

knee stability in clinical settings.
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Chapter 12

Diagnostics of ACL Injury Using Magnetic

Resonance Imaging (MRI)

Yasukazu Yonetani and Yoshinari Tanaka

Abstract Magnetic resonance imaging (MRI) is the most commonly used diag-

nostic tool for anterior cruciate ligament (ACL) injuries with reported sensitivities

and specificities of 87–95% and 50–100%, respectively. The detection of differ-

ences in the appearance of not only the ACL (direct signs) but also of the surround-

ing tissues (indirect signs), between a normal and injured ACL, is a key element in

the diagnosis of ACL injuries. Standard orthogonal MRI views have generally been

used to understand normal ACL anatomy and the mechanisms of ACL injury.

Although it is easy to detect the indirect signs of ACL injury using standard

orthogonal MRI view, it is often impossible to visualize the entire ACL on a single

image because of the oblique orientation of the ACL across the knee. Therefore,

additional oblique views that slice along the plane parallel to the long axis of the

ACL are recommended to achieve full-length visualization of the ACL. Knowledge

of normal ACL anatomy allows for the differentiation of the appearance of a normal

ligament from that of an injured ACL. Both standard orthogonal and oblique MRI

views help in this differentiation. MRI findings of normal and injured ACLs are

reviewed in this chapter.

Keywords Magnetic resonance imaging (MRI) • Anterior cruciate ligament

(ACL) • Sagittal and coronal oblique images • Direct sign • Indirect sign

12.1 Introduction

Most ACL tears occur in the middle portion of the ligament, with less frequent tears

at the femoral or tibial attachment sites [1, 2].

MRI is the most commonly used diagnostic tool for ACL injuries. Knee MRI for

ACL injuries has been shown to have high sensitivity and specificity (87–95% and
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50–100%, respectively) [3–9]. This diagnostic efficiency is based on the proper

understanding of normal ACL anatomy and the mechanisms of ACL injury. With

this understanding, it is possible to detect the differences in the appearance of the

ACL and surrounding tissues between a normal and injured ACL. This comparison

is made using not only standard orthogonal MRI views, which detect the secondary

signs but not the direct signs of injury, but also oblique views, which allow for a

full-length visualization of the ACL by slicing along the plane parallel to the long

axis of the ACL. The aim of this chapter is to describe normal ACL and torn ACL

MRI findings, using both standard orthogonal and oblique views.

12.2 MRI Findings of a Normal ACL (Table 12.1)

MRI is the most noninvasive method for investigating ACL fiber arraignments. The

normal ACL is usually imaged in the sagittal plane using a T2-weighted pulse

sequence [10]. However, axial and coronal imaging planes are also useful in the

evaluation of the proximal and distal attachment sites, respectively. With the knee

imaged in full extension, normal ACL fibers appear taut, with no substantial

posterior drooping, and parallel to, but not touching, the roof of the intercondylar

notch (Fig. 12.1A). However, a standard orthogonal MRI cannot visualize the

complete ACL with a single image because of the oblique angle of the ACL

which originates from the posteromedial aspect of the lateral femoral condyle and

courses through the lateral intercondylar notch. Poor visualization is reported in

5–10% of normal ACLs analyzed using images acquired from standard sagittal

MRI [11]. Because of artifacts from the popliteal artery and partial volume effects,

a complete diagnosis of ACL injuries is not generally possible with a single

standard orthogonal image.

To improve the efficacy of visualization for ACL diagnosis, it is necessary to

achieve full-length visualization of the ACL by slicing along the plane parallel to

the long axis of the ACL (Fig. 12.1B–D). Using additional oblique images makes it

Table 12.1 MRI appearance of a normal ACL

Sagittal oblique view in full extension: (Fig. 12.2a)

Only one slice could obtained

The ACL appears taut and parallel to the roof of the intercondylar notch

Coronal oblique view in full extension: (Fig. 12.2c, d)

Several slices could be obtained

The ACL bundles are running from the medial aspect of the lateral femoral condyle to the

tibial spine

No impingement of the PCL is shown

The ACL is attached to the MIR at the tibial insertion site

The ACL is attached to the posterior femoral cortex
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Fig. 12.1 Sagittal and coronal oblique images of the anterior cruciate ligament

(a) Sagittal oblique and (b) scout view: slices of the anteromedial (AM) bundles (solid line) and
the posterolateral (PL) bundles (dotted line). Representative coronal oblique images of (c) the AM

bundles and (d) the PL bundles showing the apex of the medial intercondylar ridge (small black
arrow), the lateral meniscus (white arrow), the resident’s ridge (arrowhead), and the bony

eminence at the inner articular margin of the lateral femoral condyle (large black arrow) (C, D).
No impingement to the posterior cruciate ligament (PCL) or femoral condyle was observed in each

bundle (white arrow head)
Modified figure, reprinted from Knee Surgery, Sports Traumatology, Arthroscopy, 19, Tanaka Y,

Shiozaki Y, Yonetani Y, Kanamoto T, Tsujii A, Horibe S, MRI analysis of the attachment of the

anteromedial and posterolateral bundles of anterior cruciate ligament using coronal oblique

images., S54–59, 2011, with permission from Springer
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easier to investigate the individual course of the AM and PL bundles and to see their

relationship with the surrounding structures in the notch space, such as the posterior

cruciate ligament (PCL) and the femoral condyle (Fig. 12.1B–D). Because the

width of the ACL is between 11.43 and 16.18 mm [12], it is easier to evaluate the

entire fiber course of the two individual bundles with several coronal oblique image

slices (Fig. 12.1C, D). Compared to that on coronal oblique images, the assessment

of the entire course of the ACL on sagittal oblique images is slightly more difficult

because the thickness of the ACL is only 2.54–3.38 mm [12] (Fig. 12.1A). Both

standard orthogonal MRI and oblique images are quite useful in the evaluation of

the ACL. Previous MRI studies using coronal oblique views of normal ACLs

showed that not only did no impingement of the posterior cruciate ligament

(PCL) or the medial wall of the lateral condyle occur [13] but AM bundles attached

to the medial border of the medial intercodylar ridge (MIR) and 74% of the PL

bundles inserted between the apex and the slope of the MIR (Fig. 12.1C, D) [14].

12.3 Direct Signs of a Complete ACL Tear

Several direct MRI signs indicate a complete disruption of the ACL [15]

(Table 12.2).

Discontinuity of the ACL fibers seen in any of the five imaging planes is

evidence of a complete tear. The appearance of an acute disrupted ACL has been

described as an edematous mass with an increased T2 signal and abnormal mor-

phology (Fig. 12.2A). Following the acute phase, the injured ACL sometimes loses

the edematous mass-like appearance and takes on a less linear, fragmented appear-

ance, such as the loss of a parallel orientation to the intercondylar notch. In chronic

cases, ACL damage tends to show an absence of the ACL fibers. The edematous

mass in the subacute phase sometimes gives rise to a severe loss of extension and

pain, which may require the debridement of the ACL remnant before reconstruction

to achieve full range of motion. The so-called empty notch sign refers to an MRI

finding in which a fluid signal rather than normal ACL fibers is seen at the proximal

attachment site. It is usually best depicted on axial T2-weighted images.

The diagnostic accuracy of these direct signs for detecting an ACL tear is over

90% [15, 16]. However, a standard orthogonal MRI cannot visualize the complete

ACL on a single image because of the oblique alignment of the ACL. To improve

the diagnostic efficacy for ACL injuries, it is necessary to achieve full-length

visualization of the ACL by slicing along the plane parallel to the long axis of

the ACL (Fig. 12.2B). Oblique coronal MR images oriented parallel to the

intercondylar roof are excellent to clearly visualize the anatomical course of the

ACL and its relationship to the intercondylar notch and the PCL [13, 14]

(Fig. 12.1B–D). Oblique coronal images clearly visualize ACL continuity, tension,

and changes in width and signal intensity (Fig. 12.2C, D), and a higher diagnostic

efficacy of using an oblique coronal view of the ACL has been reported [17–19].
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Table 12.2 MRI findings of ACL tear

Direct signs (Fig. 12.3a)

Anterior cruciate ligament discontinuity or an abnormal course

A loss of parallel orientation to the intercondylar notch

Empty notch sign

Indirect signs (Secondary) (Fig. 12.4)

Buckling of the posterior cruciate ligament

Anterior translation of the tibia

Bone bruise pattern (femoral/tibial)

Segond fracture

Fig. 12.2 Direct signs of anterior cruciate ligament (ACL) injury

(a) Oblique sagittal view showing discontinuity of the ACL (white arrow). (b) Scout view slices of

the anteromedial (AM) bundles (solid line) and the posterolateral (PL) bundles (dotted line).
Coronal oblique images of (c) the AM bundles and (d) the PL bundles showing a complete tear of

the ACL (white arrow)
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12.4 Indirect Signs of a Complete ACL Tear

Several secondary signs of a complete ACL tear have been described with a low

sensitivity (34–90%) but a high specificity (91–100%) which can be a helpful hint

to the diagnosis of an ACL tear (Table 12.2). The most useful secondary signs are

the PCL buckle (Fig. 12.3A); an “uncovering” of the posterior horn of the lateral

meniscus; the entire lateral collateral ligament (LCL) seen on one coronal image;

anterior displacement of the tibia (more than 5–7 mm, more pronounced laterally)

which is indicated by a line drawn at 45� to the posterosuperior end of Blumensaat’s
line that does not intersect with the flat part of the tibial plateau (Fig. 12.3B); the

posterior PCL line, which is a line drawn parallel to the posterior margin of the

distal portion of the PCL and extended proximally (Fig. 12.3C); a deep lateral

femoral sulcus (deeper than 2 mm) (Fig. 12.4A); and a translational bone contusion

in the lateral compartment (lateral femoral condyle and posterolateral tibial plateau)

(Fig. 12.4B) [16, 20–23]. Furthermore, hemarthrosis is often associated with ACL

rupture [24, 25].

The most common secondary sign is a characteristic bone bruise pattern, seen in

up to 80% of ACL tears [26]. The pivot shift mechanism creates an impact between

LFC and the posterior LTP, which shows an increased signal on T2-weighted

images (Fig. 12.4B). These bone bruises evolve over time following the occurrence

of the acute injury and resolve after varying periods of time. Previous studies show

that bone bruises are seen within 4–6 weeks after ACL injury [16, 26]. However, it

should be noted that the presence of the translational bone marrow edema pattern

created by the pivot shift is indicative of recent tibial translation, but not necessarily

of the presence of an acute ACL injury, as these injuries may also be seen in cases

Fig. 12.3 Indirect signs of anterior cruciate ligament (ACL) injury

(a) Anterior tibial translation leading to posterior cruciate ligament (PCL) buckling. Thus, the PCL

buckling indicates an ACL tear. (b) Anterior tibial translation is indicated by a line drawn at 45� to
the posterosuperior end of Blumensaat’s line that does not intersect with the flat part of the tibial

plateau. (c) “Anterior draw sign”: An anterior translocation of the femur on the tibia is positive in

the case of an anterior distance greater than 5 mm between the posterior tibial border and a line

dropped perpendicularly from the posterior aspect of the femoral condyle
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of chronic ACL insufficiency. The time dependency and location of bone bruises on

the femoral condyle seen in ACL injuries are also similar to the patterns seen in a

patellar dislocation, which can mislead the diagnosis. However, the bone bruise

pattern from patellar dislocation does not involve a tibial component, and femoral

contusions will be more anterior than those seen in ACL-related femoral

contusions.

Furthermore, ACL tears are often associated with injuries to additional struc-

tures, such as the medial collateral ligament, meniscal tears, and Segond fractures,

which are capsular avulsion fractures of the lateral tibial plateau, found in 6–13%

of ACL ruptures [27] (Fig. 12.4C).

12.5 Summary

MRI allows for the reliable assessment of knee structure and the diagnosis ACL

injuries. In this chapter, the MRI signal characteristics of the ACL were demon-

strated based on the anatomy of the ACL. Depending on the mechanism of ACL

injury, attention should be directed toward not only the ligament but also the

characteristics of the surrounding knee structures, such as bone bruises and anterior

tibial translation. Both standard orthogonal and additional oblique MRI views

should be utilized to ensure accurate and reproducible image interpretation.

Fig. 12.4 Indirect signs of anterior cruciate ligament injury

(a) Deep lateral femoral sulcus (deeper than 2 mm) (white arrow). Impact on the lateral femoral

condyle (LFC) decompressed the femoral condyle with or without a bone bruise. (b) Bone bruise

(white arrow). The pivot shift mechanism created an impact between the LFC and the posterior

lateral tibial plateau (LTP), which increased the signal on T2-weighted images. (c) ACL tears are

often associated with injuries to additional structures, such as the medial collateral ligament

meniscal tears (white arrow head) and Segond fractures (white arrow), which is a capsular

avulsion fracture of the LTP
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Chapter 13

Diagnosis of Injured ACL Using

Three-Dimensional Computed Tomography:

Usefulness for Preoperative Decision Making

Nobuo Adachi

Abstract Recently, remnant-preserving anterior cruciate ligament reconstruction

has been widely performed in the world. It was reported that ACL remnant can

contribute to the joint stability, proprioceptive function, and vascularity of the ACL

graft. It is very important to evaluate the status of ACL remnant for better preop-

erative planning and informed consent to the patients. Standard evaluation, such as

manual tests or MRI, cannot evaluate the three-dimensional morphology of the

ACL remnant. We have used three-dimensional computed tomography with vol-

ume rendering technique for diagnosing ACL remnant. 3DCT can depict the three-

dimensional morphology of the ACL remnant very clearly.

In this chapter, we describe the method of 3DCT evaluation of ACL remnant and

its results.

Keywords Anterior cruciate ligament • Three-dimensional computed

tomography • Remnant

13.1 Three-Dimensional Computed Tomography for Soft

Tissue Evaluation

Recently, three-dimensional computed tomography (3DCT) with volume rendering

has been used for diagnosing several soft tissues, such as the muscles, hand, and

wrist tendons, or anterior talofibular ligament (ATFL) of the ankle [1–3].

In 2003 and 2005, Sunagawa et al. [1, 2] used 3DCT imaging with volume

rendering for diagnosing extensor and flexor tendon in the hand and wrist and

clearly demonstrated those tendons’ rupture and stump of the tendons. In 2006,

Nakasa et al. [3] used this technique for the diagnosis of ATFL injury. They

reported that ATFL was depicted clearly using 3DCT in all patients with chronic
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ATFL tear and that 3DCT could evaluate the condition of ATFL remnant much

better than MRI. As for the hamstring tendons in anterior cruciate ligament (ACL)

surgery, in 2005, Nakamae et al. [4] evaluated the regeneration of semitendinosus

tendons harvested ACL reconstruction using 3DCT imaging and compared the

degree of regeneration with hamstring tendons. They reported that regeneration

of hamstring tendons was depicted very clearly with 3DCT technique and there was

positive correlation between the peak torque ratio of hamstring muscle strength and

the proximal shift of muscle-tendon junction 6 months after surgery. More recently,

in 2012, Nakamae et al. [5] evaluated the effect of immobilization on morpholog-

ical changes in the semitendinosus muscle-tendon complex using 3DCT. The study

clearly demonstrated the structure of regenerated tendons in 97.4% cases after ACL

reconstruction, and prolonged knee immobilization could not prevent morpholog-

ical changes in the semitendinosus muscle-tendon complex. Thus, 3DCT with

volume rendering technique has been widely used for diagnosing several soft

tissues.

13.2 Importance of Preoperative Evaluation of ACL

Remnant

There have been several reconstruction techniques for ACL reconstruction, such as

single-bundle, double-bundle, or ACL remnant-preserving reconstruction [6–

11]. We, ACL surgeons, sometimes encounter patients whose relatively thick

ACL remnant was preserved in certain conditions. Those remnants had been

removed for the newly reconstructed ACL in the past, regardless of the morphology

of the remnant. However, several studies showed that certain conditioned ACL

remnant can contribute biomechanical stability of the knee joint and proprioceptive

function of the joint. Crain et al. [12] reported that ACL remnants healed to the

lateral wall of the notch or the medial aspect of the lateral femoral condyle in a

position anterior and distal to the ACL anatomic footprint contributed to the joint

stability to some extent. Adachi et al. [13] identified several mechanoreceptors in

the ACL remnants. Very interestingly, the number of mechanoreceptors in the ACL

remnant was significantly correlated to the proprioceptive function. The ACL

remnant also has highly vascularized synovium which may contribute to the

vascular regeneration of the tissues [14, 15]. With the recent progress in arthro-

scopic ACL surgery, remnant-preserving ACL reconstruction has been taken much

attention in the ACL surgery.

Although, in the remnant-preserving ACL reconstruction, it is very important to

evaluate injured ACL preoperatively for better operative planning, the diagnosis of

the ACL remnant has been difficult with manual tests, such as Lachman test or

anterior drawer test [16, 17]. MRI can depict injured ACL remnant clearly.

However, it is very difficult for evaluating three-dimensional morphology of
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ACL remnants even with the advanced technique of MRI. Therefore, we focus on

the 3DCT with volume rendering technique for diagnosis of ACL remnant

morphology.

13.3 Condition Setting of 3DCT for ACL Remnant

Multidetector row CT scanner (LightSpeed Ultra 16; General Electric Medical

Systems, Milwaukee, WI, USA) was used for 3DCT imaging. The patient was

placed in a supine position with the knee joint at a 90� flexed position. 3D volume

data sets of the knee joint were obtained. The scanning parameters were as follows:

a gantry rotation speed of 0.6 s/rotation, 1.25 mm collimation width� 16 detectors,

CT pitch factor of 0.562, and field of view of 25–30 cm. The CT dose index volume

was 7.67 mGy. Then, 2D images were reconstructed with 12–25 cm field of view,

1.25 mm retrospective slice thickness, and 0.63 mm overlap. The total table motion

was 20–30 cm, and finally 200–400 slices were obtained. Images were rendered

qualitatively with the volume rendering technique by using a commercially avail-

able workstation (Virtual Place; AZE, Tokyo, Japan) to take the 3D images. The

scanning time ranged from 40 to 60 s, and another 10–15 min was necessary for

processing [18] (Fig. 13.1).

13.4 Patents’ Data and Classification of 3DCT Imaging

and Arthroscopic Findings of ACL Remnant

We have enrolled 63 patients whose preoperative 3DCT scan of the ACL injured

knee was available. We excluded patients with multiligamentous injuries such as

medial collateral ligament, posterior cruciate ligament, or posterolateral corner

injuries. The patients consisted of 33 males and 30 females with the average age

of 25.2 (13–52) years at the time of the operation. The cause for all ACL injuries

was trauma, such as a sports-related injury or a traffic accident. The average

durations between traumas and 3DCT and between 3DCT and surgery were

101.7 days and 38.2 days, respectively.

The ACL remnants on 3DCT and arthroscopic findings were classified into four

morphological patterns according to the classification by Crain et al. [12]

(Fig. 13.2):

Type I, bridging between the posterior cruciate ligament and tibia

Type II, bridging between roof of the intercondylar notch and tibia

Type III, bridging between the lateral wall of the intercondylar notch and tibia

Type IV, no substantial ACL remnants
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Fig. 13.1 ACL remnant on 3DCT and under arthroscopy in the same patients

Type I
(PCL)

Type II
(roof)

Type III
(wall)

Type IV
(rupture)

Arthroscopic
finding 3DCTCrain’s

classifica�on

Fig. 13.2 ACL remnants and 3DCT on arthroscopy were classified into four morphological

patterns according to the classification by Crain et al. (From Ref. [12, 18])
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The 3DCT findings were compared with the arthroscopic findings with and

without probing. The coincidence rates were calculated and statistically analyzed

with χ2 test for independence. A p-value of <0.05 was considered statistically

significant. All statistical analyses were conducted using StatView 5.0 (SAS Insti-

tute, Cary, NC, USA).

13.5 Comparison of 3DCT Imaging and Arthroscopic

Findings of ACL Remnant

On 3DCT, 11.1% of the ACL remnants were classified as type I, 17.5% type II,

46.0% type III, and 25.4% type IV.

Correlations between the morphological patterns on 3DCT and those on arthros-

copy without and with probing are summarized in Tables 13.1 and 13.2, respec-

tively. The morphological patterns of the ACL remnants on 3DCT were well

matched with those on arthroscopy without probing in 77.8% of the patients.

However, the coincidence rate was reduced significantly to 49.2% when arthro-

scopic probing was used to confirm the femoral attachment of the ACL remnants

(p< 0.05).

Table 13.1 Correlation between the morphological patterns of ACL remnant on 3DCT and on

arthroscopy without probing

Scopic finding

3DCT

Type I (PCL) Type II (roof) Type III (wall) Type IV (rupture) Total

Type I (PCL) 4 4

Type II (roof) 2 9 2 4 17

Type III (wall) 2 27 3 32

Type IV (rupture) 1 9 10

Total 7 11 29 16 63

The coincidence rate is 77.8%

Table 13.2 Correlation between the morphological patterns of ACL remnant on 3DCT and on

arthroscopy with probing

Scopic finding

3DCT

Type I (PCL) Type II (roof) Type III (wall) Type IV (rupture) Total

Type I (PCL) 5 3 4 12

Type II (roof) 1 5 13 3 22

Type III (wall) 3 11 3 17

Type IV (rupture) 1 1 10 12

Total 7 11 29 16 63

The coincidence rate is 49.2%
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13.6 Advantages and Disadvantages of 3DCT

for Evaluating ACL Remnant

It has been widely accepted that MRI is the most reliable preoperative imaging tool

for assessing the injured ACL. Although there were several reports that demon-

strated successfully the partial rupture of ACL using special technique or sequence

of MRI, van Dyck et al. [19] stated that MR imaging at 3.0 T represents a highly

accurate method for the diagnosis of the ACL tears, but it was difficult to differen-

tiate between complete and partial tears of the ACL. It is usually believed that it is

difficult to evaluate partial tear of ACL or three-dimensional morphology of ACL

using MRI [20–22].

3DCT with volume rendering technique has advantages for depicting injured

ACL three dimensionally, especially in one image. Definitely, three-dimensional

morphology, such as bulk or running route of the injured ACL remnant, is very

useful information for preoperative planning and obtaining informed consent from

the patients if ACL reconstruction with a remnant-preserving procedure could be

performed. However, because 3DCT cannot depict the status of ACL attachment

clearly, the ACL surgeons have to take attention for assessing it.

For the future study, we have to evaluate relation between the morphological

status of ACL remnant on 3DCT and joint laxity for decision making for the

indication of remnant-preserving ACL surgery preoperatively.
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Chapter 14

Graft Selection

Eiichi Tsuda and Yasuyuki Ishibashi

Abstract Requirements for an ideal graft substitute in ACL reconstruction surgery

are proper biomechanical strength, sufficient size, reliable fixation, rapid biological

healing, no biologically adverse reaction, no donor-site morbidity, and excellent

long-term outcomes. Although many types of graft have been used in a history of

ACL reconstruction, it is still a question under never-ending debate as to what is the

best graft. Surgeons have to understand that every type of graft available today has

advantages and disadvantages. Factors in the patient side, such as age, sex, phy-

sique, activity, lifestyle, and preference, are also the issues which affect the graft

selection. In most case, autologous graft is the first choice for primary reconstruc-

tion. The popular autografts are hamstring tendon graft, which is applicable for

multi-bundle reconstruction and has less donor-site morbidity, and bone-patellar

tendon-bone graft which has lower risk of revision surgery. Since harvest technique

is another factor to affect surgical outcomes, surgeons should be acquainted with

anatomy and harvesting procedures of each graft.

Keywords Auto graft • Hamstring tendon • Bone-patellar tendon-bone

14.1 Introduction

From the first half of the 1900s, anterior cruciate ligament (ACL) reconstruction

surgery has been started using a pedunculated graft, of which the one side of bony

or muscular attachment was left intact, prepared with an iliotibial band [1], a medial

hamstring tendon [2], or a patellar tendon [3, 4]. Although these techniques

provided secure fixation on the attached side, it caused prolonged running route

and relatively shortened graft length and thus resulted in decreased graft strength or
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nonphysiological graft placement. In association with the development of several

fixation devices, the distally attached tendon graft has taken the place of a free

tendon graft from the 1980s [5, 6].

In the second half of the 1900s, several synthetic ligaments were developed and

commercially available as a prosthesis, a scaffold, or an augmentation device.

While the synthetic ligament swept over the biological substitutes from ACL

reconstruction in the 1980s, many clinical studies disappointed orthopedic surgeons

with frequent failure of transplanted synthetic ligament and presence of osteoar-

thritis in the 1990s [7, 8]. It was not long before the mainstream of graft choice

returned back to natural tendon graft.

Allograft has several advantages of no size limitation and no donor-site morbid-

ity over the autograft, and successful results in ACL reconstruction, which was

comparable to the autograft, have been demonstrated in animal and clinical studies

[9, 10]. However, the clinical availability is limited except in a few countries, due to

a lack of established human tissue banking system, conservative cultures, and

religious reasons. Increased cost for storage and preparation, potential risk of

immunogenic reaction and disease transmission, and inferior biomechanical prop-

erties caused by sterilization process are also negative aspects of allograft tissues.

In modern ACL surgery, bone-patellar tendon-bone, hamstring tendon, and

quadriceps tendon are the strong candidates for the first choice autograft for primary

reconstruction. Although all the grafts have been reported to provide stably good

clinical results, surgeons should make the best choice for a patient individually,

based on updated and evidence-based knowledge of benefit and complication

related to each graft. Patient factors including skeletal maturation, gender, activity,

and preference are also taken into account for graft selection. Of course the most

affecting factor for the graft selection by a patient is physician recommendation

[11, 12]. Surgeons have to be well acquainted with the characteristics of all graft

options and provide expert opinions based on scientific evidences to lead each

individual patient to making a reasonable final decision.

14.2 Biomechanics of Graft

The structural and material properties similar to native ACL are one of the essential

factors for the graft substitute in reconstruction surgery. The ultimate tensile load of

native ACL reported in literature was varied 1725–2160 N. It might be affected by

difference in the size of tested specimens, the age of donor, and the setting of

biomechanical testing [13, 14].

The several biomechanical studies also demonstrated the tensile properties of

widely used tendon graft (Table 14.1) [15–18]. When using appropriate surgical

techniques, harvesting the central portion of autologous patellar tendon or quadri-

ceps tendon with 10 mm width is a safe procedure to prevent mechanical failure of

the remaining portion of tendon during the postoperative rehabilitation and after

return to sports. Ultimate tensile load of 10 mm width patellar tendon is 2977 N
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indicating superior to native ACL [15]. Because of the sufficient strength and

ribbonlike appearance similar to ACL [19], the patellar tendon graft is preferably

used in single-bundle reconstruction. On the other hand, both single-strand

semitendinosus tendon and gracilis tendon have the ultimate tensile load inferior

to native ACL and are not suitable to be used as single-strand ACL graft [16]. How-

ever, the hamstring tendon is commonly transplanted as a quadruple-strand graft for

single-bundle reconstruction or a double-strand graft for anteromedial and postero-

lateral bundle in double-bundle reconstruction, and it provides sufficient tensile

strength [16]. Quadriceps tendon graft has unique composition with a bone plug on

one side and without a bone plug on the other side. The bone-free end allows

surgeon to longitudinally split the tendinous portion for double-bundle reconstruc-

tion [20]. Ultimate tensile load of 10 mm width quadriceps tendon is 2185 N, which

is comparable to native ACL [17]. Both tibialis anterior tendon and tibialis posterior

tendons are the most popular allograft option under the established human tissue

banking system. Ultimate tensile loads of the double-strand graft of tibialis anterior

tendon and tibialis posterior tendon are 4122 and 3594, respectively, and it is

comparable to the quadrupled hamstring tendon graft [18].

Regeneration of the hamstring tendon after harvesting for ACL reconstruction

was reported as “lizard tail phenomenon.” Recent systematic review showed that

regenerated tendon was identified in more than 70% of hamstring tendons using

imaging and histologic methodologies [21, 22]. The animal study demonstrated that

ultimate tensile load of regenerated hamstring tendon recovered to 62% of the

original tendon strength at 28 weeks after harvest [23]. However, the biomechanical

properties of human regenerated hamstring tendon have not been fully investigated,

and thus it is questionable whether it can be re-harvested and re-transplanted for

multiple reinjured ACL.

Table 14.1 Biomechanical properties of anterior cruciate ligament and grafts

Tissue

Ultimate

strength (N)

Stiffness

(N/mm)

Cross-sectional area

(mm2)

Anterior cruciate ligament [13] 2160 242 44

Bone-patellar tendon-bone graft

(10 mm width) [15]

2977 620 35

Quadrupled hamstring [16] 4090 776 53

Semitendinosus tendon (single strand)

[16]

1060 213 11

Semitendinosus tendon (double strand)

[16]

2330 469 23

Gracilis tendon (single strand) [16] 837 160 7

Gracilis tendon (double strand) [16] 1550 336 16

Iliotibial band (18 mm) [14] 769

Quadriceps tendon (10 mm width) [17] 2185 466 91

Tibialis anterior tendon (double

strand) [18]

4122 460 48

Tibialis posterior tendon (double

strand) [18]

3594 379 42
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Stiffness of the graft construct is a factor affecting the joint laxity of

ACL-reconstructed knee. Lower graft stiffness yields increased anterior knee laxity

compared to the intact knee. There is, however, nothing to worry about graft

stiffness, since all tendon grafts widely used today have the stiffness higher than

the native ACL (Table 14.1). Although the combination of extremely higher

stiffness of graft and the fixation with over initial tensioning might tighten joint

laxity nonphysiologically, the effect of graft stiffness on the postoperative clinical

results has not been elucidated.

14.3 Graft Size

Length and diameter mismatch between the graft construct and running route forces

to alter the surgical techniques and affects the initial fixation strength of

transplanted graft and healing process of the graft-tunnel interface.

In case using the bone-patellar tendon-bone graft, extremely long tendon portion

precludes intraosseous fixation of bone plug with an interference screw on one side.

Adjusting the bone tunnel direction to lengthening the graft running route is one of

the solutions that enable to secure both bone plugs intraosseously. Alternative fixation

technique, such as inlay or onlay fixation of bone plug out of the tunnel, is another

solution, and the surgical instruments should be backed up. Preoperative MRI

measurement of the patellar tendon length is required to prevent length mismatch.

When using the hamstring tendon graft, in contrast, there is a risk of insufficient

length and diameter for preparing the ACL graft especially in small Asian female

patients. The minimum required length and diameter of hamstring tendon graft vary

dependent on the graft configuration (single bundle or multi-bundle) and the

fixation technique. A systematic review concluded that the quadrupled-strand

hamstring autograft with a diameter equal to or larger than 8 mm decreases failure

rates in single-bundle reconstruction [24]. It is difficult to preoperatively identify

the proximal end of tendinous portion available for the graft substitute in MRI

evaluation of the musculotendinous junction. For the surgical planning whether

only semitendinosus tendon or additional gracilis tendon is prepared, the predictive

equations for the size of hamstring tendon graft based on anthropometric measure-

ments are proposed as a preoperative information (Tables 14.2 and 14.3) [25, 26].

14.4 Biology of Healing

Biological healing process of transplanted graft after ACL reconstruction is still one

of the unsolved issues which surgeons have no established way to control in the

clinical setting. It has been well investigated whether the type of graft substitutes

affects the histological features during maturation process of graft-bone interface.

The soft tissue graft tethered with suture materials is anchored to the tunnel wall

with Sharpey-like fibers from 3 weeks postoperatively, and the indirect-type
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insertion is formed by 12 weeks in experimental animal models [27]. On the other

hand, bone to bone integration between the bone plug of bone-patellar tendon-bone

graft and the tunnel wall started from 3 weeks and completes by 12 weeks after

transplantation. The bone-patellar tendon-bone graft has an advantage of greater

failure load at fixation site until the weakest point moves to the graft midsubstance.

The direct-type insertion at the patellar tendon-bone plug junction is preserved in

early phase after surgery, while main linkage shifts to the indirect-type insertion

newly formed between the tendinous portion and the tunnel wall in late phase [28].

The intraarticular segment of transplanted graft is placed in serious biological

situation under less blood supply environment, compared to the intraosseous

portion. The long maturation process consists of four phases, which are acute

inflammatory response, revascularization, proliferative phase, and collage

remodeling. An animal study showed that the random oriented newly formed

collagen fibers were aligned with longitudinal direction in the soft tissue graft by

12 weeks [29]. However, the further histological maturation still progressed after

Table 14.2 Predictive equations for semitendinosus and gracilis tendon length

For Caucasian patients [25]

Tissue Predicted length (mm) Correlation with actual length

Semitendinosus �55.3 + 2.09 (height in cm) r¼ 0.69; R2¼ 0.48; P< .001

23.3 + 3.06 (leg length in cm) r¼ 0.67; R2¼ 0.45; P< .001

Gracilis �37.5 + 1.9 (height in cm) r¼ 0.58; R2¼ 0.33; P< .001

62.5 + 2.4 (leg length in cm) r¼ 0.49; R2¼ 0.24; P< .001

For Mongoloid patients [26]

Tissue Predicted length (mm) Correlation with actual length

Semitendinosus 8.7 + 1.577 (height in cm) r¼ 0.61; R2¼ 0.37; P< .001

235.4 + 0.626 (weight in kg) r¼ 0.42; R2¼ 0.17; P< .001

Gracilis 32.2 + 1.27 (height in cm) r¼ 0.48; R2¼ 0.24; P< .001

211.5 + 0.56 (weight in kg) r¼ 0.37; R2¼ 0.14; P< .001

Table 14.3 Predictive equations for quadrupled graft diameter

For Caucasian patients [25]

Tissue Predicted length (mm) Correlation with actual length

Semitendinosus and gracilis 5.7 + 0.025 (weight in kg) r¼ 0.64; R2¼ 0.41; P< .001

3.7 + 0.86 (thigh circumference) r¼ 0.60; R2¼ 0.36; P< .001

5.17 + 0.95 (BMI) r¼ 0.62; R2¼ 0.38; P< .001

3.6 + 0.024 (height in cm) r¼ 0.49; R2¼ 0.24; P< .001

For Mongoloid patients [26]

Tissue Predicted length (mm) Correlation with actual length

Semitendinosus 0.78 + 0.038 (height in cm) r¼ 0.44; R2¼ 0.19; P< .001

5.68 + 0.002 (weight in kg) r¼ 0.47; R2¼ 0.22; P< .001

Gracilis 1.408 + 0.026 (height in cm) r¼ 0.37; R2¼ 0.13; P< .001

5.035 + 0.001 (weight in kg) r¼ 0.30; R2¼ 0.09; P< .001
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1 year, so that the shape and number of cell nuclei and the crimp pattern changed

close to those of normal ACL. Similar maturation process was found in the bone-

patellar tendon-bone graft [30]. Several trials to accelerate the graft maturation and

enhance the biomechanical properties have been investigated. The potentially

beneficial effect of administration of growth factors and cell transplantation has

been proved in in vitro and in vivo animal models [31].

14.5 Fixation Technique

The biomechanical properties of femur-graft-tibia complex are more important

rather than that of the graft itself, from the view of clinical situation. Since the

graft fixation site is the weakest portion until completion of the graft-tunnel healing,

the insufficient fixation strength compromises the physical exercises in early-phase

rehabilitation after ACL reconstruction to be decelerated. Table 14.4 shows the

failure load and stiffness of various fixation devices, which are commercially

available [32–35].

Fixation techniques used for ACL reconstruction are mainly divided to two

types, such as the direct-type fixation and the suspension-type fixation. The

Table 14.4 Initial graft

fixation strength and stiffness

in various techniques
Fixation technique

Failure load

(N)

Stiffness

(N/mm)

Patellar tendon [32]

Metal interference screw 558

Bioabsorbable interference

screw

552

Soft tissue (femoral site)

[33, 34]

EndoButton CL 1456 201

Bone Mulch Screw 1112 115

EndoButton 1086 79

RigidFix 868 77

TightRope 859 201

SmartScrew ACL 794 96

BioScrew 589 66

RCI Screw 546 68

Soft tissue (tibial site) [35]

Intrafix 1332 223

WasherLoc 975 87

Tandem spiked washer 769 69

SmartScrew ACL 665 115

BioScrew 612 91

SoftSilk 471 61
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direct-type fixation secures the graft with a fixation device without any intermediate

materials connecting the graft and the fixation device. There is an advantage to

secure the graft at the level close to original insertion when using an intraosseous

fixation device such as the interference screw. This type of fixation can shorten the

distance between femoral and tibial point of fixation, increase the stiffness of

femur-graft-tibia complex, and thus restrain anterior tibial translation

effectively [36].

In the suspension-type fixation, the cortical fixation devices are placed out of the

femoral and tibial tunnel, and a suture material tethers the soft tissue graft to the

fixation device. This type of fixation less invasively secures the graft in an inside-

out fashion when using a cortical button at the femoral site and enables to control

the initial graft tension when used at the tibial site [37]. Since the elastic suture

material is interposed between the fixation device and the graft, the decreased

stiffness of the graft construct compromises the anterior knee laxity of

reconstructed knee. And it yields the larger graft-tunnel motion telescoping parallel

to the bone tunnel under repetitive loading [38], even though the effect on clinical

outcomes is unknown. The adjustable-loop cortical button system developed

recently has an advantage, which allows surgeons to control the graft length placed

within the bone tunnel during fixation procedures. It has been cautioned in biome-

chanical laboratory studies that the adjustable loop causes larger graft displacement

compared with fixed loop under cyclic loading [34, 39], despite a no significant

effect on postoperative knee stability in retrospective clinical study [40].

14.6 Graft Harvest

14.6.1 Bone-Patellar Tendon-Bone Graft

The bone-patellar tendon-bone graft was harvested using the two-longitudinal-

incision technique (Fig. 14.1). A 2-cm proximal longitudinal incision was distally

made from the inferior edge of the patella along the medial border of patellar

tendon. The medial infrapatellar portal was placed through this incision for arthro-

scopic procedures later. A 2-cm distal longitudinal incision was made on 1 cm

medial from medial border of the tibial tuberosity. The distal incision was used for

reaming the tibial tunnel. Also, this placement of the longitudinal incision enables

to approach the pes anserinus and harvest the hamstring tendon at revision ACL

reconstruction in the future. The deep retinacular layer and the peritenon were

dissected sharply and horizontally at the proximal and distal attachment to expose

the patellar tendon and its insertions on the patella and the tibia. Using custom-

made parallel knife consisting of two no. 11 blades with a 10-mm-wide interval,

two longitudinal incisions parallel to the tendon fibers were placed on the patellar

tendon from the patellar origin to the tibial insertion. A rectangular bone plug

having 10 mm in width, 15–20 mm in length, and 10–15 mm in depth was removed
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from the tibial tuberosity with an oscillating bone saw and an osteotome. Subse-

quently, the bone plug was pulled under the peritenon and out through the proximal

incision. To completely harvest a 10-mm-wide graft, another bone plug with 10 mm

in width, 10–15 mm in length, and 7–10 mm in depth was cut from the distal patella

in the same manner (Fig. 14.2). Bone defect on the donor site is repaired with

cancellous bone graft collected by reaming the tibial tunnel later, and the perios-

teum is closed over the bone graft.

Fig. 14.1 Two longitudinal

skin incisions for harvesting

bone-patellar tendon-bone

graft

Fig. 14.2 Bone-patellar

tendon-bone graft for

rectangular tunnel

reconstruction
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14.6.2 Hamstring Tendon Graft

The semitendinosus tendons were harvested from a 2-cm longitudinal incision.

After identifying the tibial attachment of hamstring tendon by palpating the pes

anserinus, the incision was placed on 1 cm medial from medial border of the tibial

tuberosity. This incision is utilized to approach tibial tuberosity for harvesting

bone-patellar tendon-bone graft at revision ACL reconstruction in the future. The

sartorius fascia is incised along the fiber direction on the proximal margin of

semitendinosus tendon. The tibial insertion of semitendinosus tendon is identified

and sharply detached, and then the distal end of tendon is stitched with #2

nonabsorbable suture (Fig. 14.3). After complete release of fascial band extending

to the gastrocnemius fascia, the semitendinosus tendon is pulled out by cutting the

musculotendinous junction using a closed tendon stripper. In case a requirement

arises, the gracilis tendon is harvested with the same manner (Fig. 14.4). The

sartorius fascia is suture repaired before wound closure.

Fig. 14.3 Semitendinosus

tendon beneath sartorius

fascia
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14.7 Donor-Site Morbidity

Donor-site morbidity is a serious complication which deteriorates patient’s satis-
faction after ACL reconstruction with an autograft. It has been pointed out that

ACL-reconstructed knees with the bone-patellar tendon-bone graft experienced

anterior knee pain and kneeling pain more frequently compared to those with

hamstring tendon graft [41, 42]. This is one of the major reasons that some

orthopedic surgeons flinch from using the bone-patellar tendon-bone graft. On the

other hand, it has been reported in clinical studies that the incidence of anterior knee

pain is equal between those two grafts [43, 44]. In case using the bone-patellar

tendon-bone graft, it is important to take meticulous care and make much effort to

eliminate all risks of anterior knee pain and kneeling pain, such as preserving

infrapatellar branch of saphenous nerve intact by using short longitudinal or

transverse incisions, removing the bone plugs in requisite minimum size, restoring

the patellar and tibial bone defect with bone graft, and covering over the bone graft

by repair of periosteum [45, 46].

Insufficient recovery of quadriceps and hamstring strength decelerate rehabili-

tation progress and delay return to sports. In general, prolonged muscle strength

deficit is dependent on the location of graft donor site, and then specific muscle

exercises designed based on the graft choice are required especially in early

rehabilitation phase. In a systematic review including eight randomized control

studies, the significantly greater extension and flexion deficit at 24 months postop-

eratively was observed in the bone-patellar tendon-bone graft group of one study

and the hamstring tendon graft group in two studies, respectively [47]. For evalu-

ation of the hamstring muscle strength, attention should be paid to not only measure

the flexion peak torque but assess the torque curve pattern. Tashiro et al. reported

that the flexion peak torque angle shifted to lower flexion angle in

ACL-reconstructed knees with the hamstring tendon graft, even though the value

of peak torque is fully recovered [48]. This hamstring muscle weakness in deep

Fig. 14.4 Semitendinosus

tendon graft for double-

bundle reconstruction
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flexion angle was emphasized when harvesting both the semitendinosus and gracilis

tendon rather than the gracilis tendon alone.

Anatomical studies have previously cautioned for high injury risk of

infrapatellar branch of saphenous nerve when the bone-patellar tendon-bone graft

is harvested through a long longitudinal incision along the patellar tendon

[49, 50]. Graft harvest through two short longitudinal or transverse incisions has

been recommended to diminish a risk of the iatrogenic nerve injury [45, 46]. The

incidence of damage to infrapatellar branch and sartorius branch of saphenous

nerve during the hamstring tendon harvest through an anteromedial incision has

been reported as more than 50%, and it is higher than surgeons expect [51, 52]. To

reduce the nerve injury, the transverse posteromedial incision placed over the

semitendinosus tendon has been proposed from anatomical and clinical studies

[53, 54]. In this technique, the subcutaneous branches of saphenous nerve are

protected by sartorius muscle and fascia during detaching the tibial insertion of

semitendinosus and gracilis tendon.

Patella fractures are one of the most serious complications intraoperatively or

following ACL reconstruction when using the bone-patellar tendon-bone and

quadriceps tendon graft [55, 56]. For cutting the thick and hard anterior cortex of

the patella, hammering an osteotome in the patella makes a greater risk for cracking

the patella. Using an oscillating bone saw with a thin blade, the patellar bone plug

should be harvested in a minimum thickness leaving the subchondral bone intact.

Bone grafting into the patellar bone defect also helps to avoid late patellar fracture

during aggressive rehabilitation and after return to sports.

The surgical techniques for graft harvest, of course, are a crucial factor affecting

donor-site morbidity for ACL reconstruction using any types of autograft. Mean-

while, it is quite difficult to clearly distinguish the causes of anterior knee symptoms

and prolonged muscle weakness between graft harvest and other surgical proce-

dures, when using the ipsilateral autograft. To reveal the really adverse effect of

graft harvest on postoperative problems, several studies investigated the donor-site

morbidity in ACL reconstruction with the contralateral autograft. Rubinstein et al.

reported no complaint of anterior knee pain and quadriceps strength recovery to

93% of preoperative value in the knees harvested the bone-patellar tendon-bone

graft at 1 year after surgery [57]. Yasuda et al. reported that there was no significant

difference in hamstring muscle strength between ACL-reconstructed knees with the

ipsilateral hamstring tendon graft and those with the contralateral hamstring tendon

graft after 3 months postoperatively [58]. These results suggested that postoperative

problems so-called donor-site morbidity could not be attributed to the graft harvest

itself as frequently as surgeons were afraid of. Less invasive tissue management

should be addressed throughout all arthroscopic and extra-articular procedures.

Recently, Kanamoto et al. reported a clinical study with ultrasonographic exami-

nations and demonstrated interesting findings that increased blood flow in the

infrapatellar fat pad was associated with anterior knee symptoms after ACL recon-

struction with hamstring tendon graft [59]. Not only the surgical techniques,

appropriate rehabilitation encouraging earlier recovery of full knee extension and

patellar mobility is also a key factor to prevent anterior knee symptoms caused by

patellofemoral problems.
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14.8 Clinical Outcomes

Previous systematic reviews showed similar overall outcomes after ACL recon-

struction between the bone-patellar tendon-bone graft and the hamstring tendon

graft. Also some differences have been reported favoring the bone-patellar tendon-

bone graft for stability and flexion strength and the hamstring tendon graft for

anterior knee pain, range of motion, and extension strength [60]. However, the

results are not consistent between original studies, and general consensus has not

been reached on superiority against each other.

Recent innovation in surgical techniques might affect the long-accepted opin-

ions in clinical results of ACL reconstruction. The hamstring tendon has an

advantage to be adapted to multi-bundle ACL reconstruction reproducing the

ACL anatomy. Several systematic reviews demonstrated that the double-bundle

reconstruction provided significantly better postoperative knee stability evaluated

with KT arthrometry and pivot-shift test than single-bundle reconstruction, whereas

clinical outcomes are similar between techniques [61–63]. On the other hand,

although the bone-patellar tendon-bone graft is inadequate for multi-bundle recon-

struction, the rectangular tunnel technique with graft placement resembling native

ACL in the fiber orientation improves biomechanical graft behavior [64]. The

recent randomized prospective study, which compared the clinical outcomes

between the double-bundle reconstruction with hamstring tendon graft and the

single-bundle reconstruction with the bone-patellar tendon-bone graft transplanted

in the rectangular tunnels, showed no significant difference in any objective knee

functions or patient-based assessments [65]. Further improvement and sophistica-

tion of surgical techniques will impact on the graft selection in future.

Complete return to preinjury or higher activity level is one of the goals for

patients who desire to participate in sports after ACL reconstruction. However, the

best graft choice for return to sports has not been addressed because not only the

reconstructed knee function but many other factors, such as fear of reinjury,

attenuated motivation in competitive sports, change in lifestyle, and difference in

criteria for return affect the postoperative activities. Some prospective comparative

studies showed the bone-patellar tendon-bone graft was superior for return to higher

levels of activity compared with the hamstring tendon graft [41]; however, only a

limited number of evidences are available.

It is noteworthy that recent several publications from Scandinavian national

registries reported the hamstring tendon graft was associated with an increased

risk of ACL revision surgery compared to bone-patellar tendon-bone graft [66–

68]. Although the graft failure and reinjury after ACL reconstruction are multifac-

torial, a special attention should be paid in graft selection for the patient group with

a high risk of revision surgery. Further big data analysis of national registries from

other countries and regions could provide a clue to a question on how surgeons

decide the optimum graft for individual patient.
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Chapter 15

Portal Placement

Makoto Nishimori

Abstract During anterior cruciate ligament (ACL) reconstruction surgery, creat-

ing the tunnels precisely at the correct location within the very limited anatomical

femoral and tibial attachments is very important for reproducing the ACL function

of the anteromedial bundle and posterolateral bundle. Making such tunnels in the

exact position necessary is technically demanding, but it is critical for the success of

the procedure. In particular, during anatomical ACL reconstructions using the far

anteromedial portal technique, the placement of the far anteromedial portal is very

important. The optimum locations for specific portals and how to establish the

portals needed for anatomical ACL reconstruction are discussed in this chapter.

Specifically, establishing the optimum location for the far anteromedial portal will

lead to a successful surgery, and that port is typically created just above the medial

meniscus and about 2.5 cm medial to the medial border of the patellar tendon. This

chapter provides useful information for ACL surgeons detailing how portals should

be created for anatomical double-bundle ACL reconstructions.

Keywords Double-bundle ACL reconstruction • Portal placement • Far

anteromedial portal

15.1 Introduction

During anatomical anterior cruciate ligament (ACL) reconstruction surgery, creating

the tunnels precisely at the correct location within the anatomical femoral and tibial

attachments is very important for reproducing the anatomical ACL function of the

anteromedial bundle (AMB) and posterolateral bundle (PLB). Creating such tunnels

at the exact position necessary is technically demanding in anatomical double-bundle

ACL reconstructions. Many bone tunnel-drilling procedures have been proposed to

exactly position the femoral tunnels as needed, including a transtibial technique,

outside-in technique, and techniques using far anteromedial and standard
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anteromedial portals [4, 5, 19]. Achieving a successful anatomical ACL reconstruc-

tion is facilitated by the use of three arthroscopic portals: the anterolateral,

anteromedial, and far anteromedial portals. The proper placement of these portals

is critical to the success of the procedure. In particular, the placement of the far

anteromedial portal is very important for anatomical ACL reconstructions using the

far anteromedial portal technique. Despite the importance of portal location, only a

few papers have described the optimum locations for the specific portals used in ACL

reconstructions [1, 3, 4, 14]. In this chapter, the optimum locations for specific portals

and how to establish the portals for anatomical ACL reconstruction will be discussed,

with emphasis on the far anteromedial portal technique.

15.2 Anterolateral Portal

15.2.1 Placement of the Anterolateral Portal

During conventional knee arthroscopy, the anterolateral portal (AL) is positioned

approximately 1 cm above the joint line and about 1 cm lateral to the lateral border

of the patellar tendon. During ACL reconstruction surgery, the AL portal is

positioned approximately 1 cm above the joint line and just lateral to the lateral

border of the patellar tendon because the ability to see the lateral notch from the AL

portal using a 30� arthroscope is beneficial (Fig. 15.1). This AL portal is usually

used as a viewing portal to perform the diagnostic arthroscopy and meniscal

surgery.

15.2.2 Establishing the Anterolateral Portal

First, inject 50–80 cc of physiological saline from the lateral suprapatellar puncture

with the knee in an extended position. After the saline injection, position the knee at

90� of flexion to confirm the AL portal position. In the ACL reconstruction

procedure, the AL portal is created first. Before establishing the AL portal, confirm

the lateral border of the patellar tendon and the lateral tibial plateau. After

confirming those anatomical landmarks, mark the 7-mm AL portal on the skin

with marker about 1 cm above the level of the lateral tibial plateau and as close as

possible to the lateral border of the patellar tendon. After marking, cut the skin with

a number 11 scalpel blade. When creating the AL portal, the blade should be

oriented with the cutting surface positioned in the superior position to avoid

damaging the lateral meniscus and cartilage. After creating the AL portal, insert a

30� arthroscope into the AL portal and perform a diagnostic arthroscopy.
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15.3 Anteromedial Portal

15.3.1 Placement of the Anteromedial Portal

During conventional knee arthroscopy, the anteromedial (AM) portal is positioned

about 1 cm above the joint line and nearly 1 cm medial to the medial border of the

patellar tendon. During far anteromedial portal anterior cruciate ligament (ACL)

reconstruction surgery, the AM portal is placed just medial to the medial border of

the patellar tendon to avoid damaging the patellar tendon and about 1 cm above the

medial joint line to avoid damaging the medial meniscus (Fig. 15.1). During ACL

surgery, this AM portal is usually used as a working or viewing portal.

15.3.2 Establishing the Anteromedial Portal

With visualization from the anterolateral (AL) portal, insert a 23-gauge spinal

needle from just medial to the medial border of the patellar tendon and about

1 cm above the joint line. Insert the 23-gauge spinal needle into the knee joint

toward the intercondylar notch while visualizing the direction of the needle using a

Fig. 15.1 Locations of the

three portals and landmarks

on the right knee joint for

ACL reconstruction using

the far anteromedial portal

technique. AL anterolateral

portal, AM anteromedial

portal, FAM far

anteromedial portal, PT
patellar tendon, IPP inferior

pole of the patella, LJL
lateral joint line, MJL
medial joint line, TT tibial

tuberosity
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30� arthroscope from the AL portal. Check the insertion position and direction of

the spinal needle using a 30� arthroscope from the AL portal. Take care that the

inserted position of the spinal needle is still placed above the medial meniscus

because the insertion position of this spinal needle will be used as the lowest portion

of the AM portal. After recognizing the direction of the spinal needle based on its

appearance, insert a number 11 scalpel blade with the edge oriented upward instead

of extruding the spinal needle while taking care to avoid damaging the cartilage of

the trochlea and the medial meniscus. After cutting the joint capsule, the penetra-

tion of the blade into the joint can be confirmed by arthroscopy from the view of the

AL portal.

To avoid damaging the medial femoral condyle and the medial meniscus, the

blade should be advanced while confirming visually with arthroscopy. If the portal

incision is not deep enough through the joint capsule, the perfusion solution will not

be sufficiently discharged, making it difficult to move surgical instruments in and

out of the portal. Ensure that a sufficient incision through the joint capsule is made.

Begin arthroscopic confirmation by inserting the probe and forceps from the AM

portal.

15.4 Far Anteromedial Portal

15.4.1 Placement of the Far Anteromedial Portal

During anatomical ACL reconstruction surgery using the far anteromedial (FAM)

portal technique, the placement of the FAM portal may be one of the most

important factors for achieving a successful ACL reconstruction. The optimum

placement of the FAM portal will lead to a successful surgery. This portal is usually

created just above the medial meniscus and about 2.5 cm medial to the medial

border of the patellar tendon (Fig. 15.1). The FAM portal is usually used as a

working portal for inserting instruments into the intercondylar notch and for

creating the ACL femoral tunnels in the natural ACL insertion area.

15.4.2 Establishing the Far Anteromedial Portal

Under arthroscopy with the knee in 120� of flexion, insert a 23-gauge spinal needle
at the optimum position for the FAM portal, aiming toward the original femoral

attachment of the ACL (Fig. 15.2a, b).

The optimum location for the FAM portal during ACL reconstruction should

avoid cartilage damage to the medial femoral condyle. This portal is usually created

just above the medial meniscus and approximately 2.5 cm medial to the medial

border of the patellar tendon. Using preoperative three-dimensional computed
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tomography (3D CT) scans, determine the optimum placement for the FAM portal.

We found the optimum FAM portal location to be less than 30 mm from the medial

border of the patellar tendon in male patients and less than 25 mm in female

patients. Furthermore, in female patients less than 160 cm tall, it should be placed

20 mm from the medial border of the patellar tendon (Fig. 15.3a, b) [14].

The FAM portal location should be as low as possible above the medial

meniscus while avoiding the medial meniscus and without blowing out of the

posterior wall of the lateral femoral condyle. At this time, assess the distance

between the spinal needle and the articular cartilage of the medial femoral condyle

with the knee in 120� of flexion, and avoid the articular cartilage of the medial

femoral condyle while reaming the femoral tunnels. Rotate the arthroscope to

determine whether the spinal needle is positioned too closely to the medial femoral

condyle (Fig. 15.2b). Once the position of the FAM portal is determined, advance a

number 11 scalpel blade toward the ACL insertion of the femur under arthroscopic

Fig. 15.2 (a) Creation of the far anteromedial portal. Under arthroscopic guidance, a 23-gauge

spinal needle is inserted from the optimum position for the far anteromedial portal with the knee in

120� of flexion. This portal is usually created just above the medial meniscus and about 2.5 cm

(yellow line) medial to the medial border of the patellar tendon. The FAM portal location should be

as low as possible above the medial meniscus while avoiding the medial meniscus and without

blowing out of the posterior wall of the lateral femoral condyle. AL anteromedial portal, AM
anteromedial portal, FAM far anteromedial portal, PT patellar tendon. (b) Arthroscopic view of the

intercondylar notch from the AM portal. A spinal needle is inserted from the FAM portal, and the

distance between the spinal needle and the articular cartilage of the medial femoral condyle should

be assessed with the knee in 120� of flexion to avoid the articular cartilage of the medial femoral

condyle when reaming the femoral tunnels. Rotate the arthroscope to determine whether the spinal

needle is positioned too closely to the medial femoral condyle
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visualization to create the FAM portal. It is also important to avoid the anterior horn

of the medial meniscus with the surgical blade when creating the low FAM portal.

15.5 Discussion

Various bone tunnel-drilling procedures have been proposed for use during ACL

reconstruction surgery to create the femoral tunnels precisely at the correct posi-

tion, including a transtibial technique, outside-in technique, and techniques using

FAM and standard AM portals [4, 5, 19]. Among these options, the femoral tunnels

are created independently of the tibial tunnel in the FAM portal technique and the

outside-in technique. This allows the surgeons to more easily create accurate

femoral ACL insertions and also create more anatomical femoral tunnels. In

particular, the FAM portal allows the ACL femoral attachment site to be visualized

from the AM portal as tunnels are created through the FAM portal. Therefore,

anatomical ACL reconstruction surgery is facilitated by the use of three arthro-

scopic portals, which also help the surgeon achieve an ACL insertion that more

accurately mimics the ACL insertional anatomy on both the femoral and tibial sides

[6–9, 15–21].

When using the FAM portal technique, the surgeons must aim toward the

anatomical femoral insertion of the ACL through the FAM portal to create femoral

tunnels in the very limited natural ACL attachment area. Because of this, potential

Fig. 15.3 (a) Preoperative three-dimensional computed tomography (3D CT). A CT scan was

performed with the knee in 120� of flexion, the same knee position used intraoperatively when

drilling the femoral tunnels. The distance between the optimum far anteromedial portal location

and the medial border of the patellar tendon was measured on preoperative 3D CT scans. The

yellow line indicates the distance from the medial border of the patellar tendon to the far

anteromedial portal. (b) An intraoperative image taken from directly above during ACL recon-

struction. A 23-gauge needle was inserted from the optimum far anteromedial portal location,

which was determined using preoperative ACL reconstruction planning. AMB, anteromedial

bundle, PT patellar tendon, AL anterolateral portal, AM anteromedial portal, FAM far anteromedial

portal
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risks of damaging the lateral and medial femoral condyles or the surrounding

structures have been reported when reaming through the portals [2, 10–13, 22]. If

the far anteromedial portal is positioned in an extreme medial position, there is a

large risk of damaging the articular cartilage of the medial femoral condyle when

reaming through the portal. Therefore, the position of the FAM portal may be one of

the most important factors in this surgery.

The optimum FAM portal position was previously studied using preoperative 3D

CT [14]. Based on the results of that study, the optimum location for the FAM

portal was less than 30 mm from the medial border of the patellar tendon in male

patients and less than 25 mm in female patients. Furthermore, in female patients

less than 160 cm tall, it should be placed 20 mm from the medial border of the

patellar tendon. This optimum location for the FAM portal during ACL reconstruc-

tion using the FAM portal technique should be used to avoid damaging the medial

femoral condyle cartilage (Fig. 15.3a, b).

This chapter provided information useful to ACL surgeons when creating the

FAM portal for anatomical double-bundle ACL reconstructions. Knowing the safe

and optimum location for the FAM portal before surgery will allow ACL surgeons

to perform safer and more anatomical ACL reconstructions.
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Chapter 16

Femoral Bone Tunnel Placement

Ken Okazaki

Abstract Identification of the anatomical anterior cruciate ligament (ACL) foot-

print is essential in femoral tunnel preparation. The lateral intercondylar ridge

(LIR), which is termed the anterior border of the femoral ACL footprint, can be

used as a landmark during surgery. The entire ACL footprint consists of the direct

insertion of the ACL located behind the LIR and the attachment of fanlike extension

fibers extended to the posterior cartilage margin. The lateral bifurcate ridge can be

observed between the attached anteromedial (AM) and posterolateral (PL) bundles

in 80% of cases.

Options for drilling the femoral tunnel consist of the trans-tibial tunnel tech-

nique, the transmedial portal technique, and the outside-in technique. Although it is

sometimes difficult to drill the desired point when using the conventional trans-

tibial technique, modifications, such as using of a special angle guide, applying an

external rotation and varus force to the tibia, or drilling the femoral AM tunnel

through the tibial PL tunnel, enable consistent creation of the tunnels at the

anatomical position. The transmedial portal technique requires deep knee flexion

during drilling to avoid posterior wall blowout. Both the knee flexion angle and

location of the working portal affect the location of the tunnel outlet on the lateral

femoral surface. Retrograde reaming devices for the outside-in technique enable the

use of the cortical fixation buttons for any diameter grafts. The tunnel direction

relative to the cortical surface affects the shape and size of tunnel apertures at both

outlets on the ACL footprint side and lateral femoral side.

Keywords Anterior cruciate ligament reconstruction • Femoral tunnel • Surgical

technique
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16.1 Rationale for Anatomical Placement of Grafts

Placement of grafts within the anatomical footprint of the anterior cruciate ligament

(ACL) is the primary issue in ACL reconstruction. Several studies have demon-

strated the advantages of anatomical graft placements over nonanatomical place-

ments with respect to biomechanical stability, graft impingement, and clinical

outcomes [1–3]. Zantop et al. performed a biomechanical study on cadaveric

knees that had undergone double-bundle ACL reconstruction using an anatomically

placed femoral anteromedial (AM) tunnel and either an anatomically placed pos-

terolateral (PL) tunnel or a nonanatomically placed PL tunnel [4]. The intact

kinematics of knees with anatomical PL tunnel placement were restored and

showed significantly lower anterior tibial translation under anterior tibial and

combined rotatory loads than knees with nonanatomical PL tunnel placement.

Kondo et al. reported a biomechanical study on cadaveric knees that had undergone

anatomical double-bundle ACL reconstruction, nonanatomical single-bundle

reconstruction, or anatomical single-bundle reconstruction [5]. Rotational laxity

with internal tibial torque and anterior laxity in a simulated pivot shift was signif-

icantly lesser in double-bundle reconstruction and anatomical single-bundle recon-

struction than in nonanatomical single-bundle reconstruction. Mae et al. used an

intraoperative kinematic analysis and reported that anatomical double-bundle

reconstruction showed lower tension in the grafts for restoration of the normal

anterior–posterior laxity of the knee than Rosenberg’s isometric bi-socket recon-

struction [6]. In a clinical study, Toritsuka et al. reported that a bi-socket recon-

struction with high femoral tunnel placement group received a lower subjective

evaluation according to the International Knee Documentation Committee (IKDC)

Knee Examination Form than low femoral tunnel placement (close to the anatom-

ical placement) [7]. Yasuda et al. reported a prospective comparable cohort study

that consists of anatomical double-bundle, nonanatomical double-bundle, and

nonanatomical single-bundle reconstructions [8]. The postoperative knee laxity

assessed by KT-2000 measurement and the pivot shift test were significantly less

in anatomical double-bundle group than nonanatomical single-bundle group. Izawa

et al. investigated clinical results of anatomical double-bundle ACL reconstruction

and nonanatomical (isometric placement) single-bundle ACL reconstruction

[9]. Anatomical double-bundle reconstruction showed better results in rotatory

stability assessed by anterior displacement of the lateral compartment during

Slocum’s test measured on magnetic resonance imaging.

16.2 How to Identify the Anatomical Footprint

16.2.1 Intraoperative Landmark

Identification of the insertion area of the native ACL during surgery is essential in

ACL reconstruction. The lateral intercondylar ridge (LIR), the so-called resident’s
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ridge, is one of the landmarks that can be used during surgery (Fig. 16.1). Iwahashi

et al. performed a histological study of the ACL femoral insertion area and showed

that the dense collagen fiber inserted into a concave area that was located just

behind the liner bony prominence on the lateral intercondylar notch [10]. The shape

of the ACL footprint was semilunar, and the mean length, width, and area of the

footprint were 17.4 mm, 8.0 mm, and 128.3 mm2, respectively. Shino et al. reported

that the LIR was visible during surgery, and the femoral tunnel could be placed

behind the LIR in all of their 50 consecutive cases [11]. Postoperative three-

dimensional computed tomography (3DCT) showed that the ridge and apertures

of femoral tunnels created behind the ridge were located at the anatomical ACL

insertion site in all cases, a finding that suggested the reliability of the ridge as a

landmark of ACL insertion. Ferretti et al. reported the existence of another osseous

ridge between the femoral attachment of the AM and PL bundles running in an

Fig. 16.1 (a) Femoral notch of a 3DCT model of the right knee. Red arrowhead: Lateral

interchondylar ridge. Blue arrowheads: Bifurcate ridge. (b) Medial view of the lateral

intercondylar notch. Red arrowheads: Lateral intercondylar ridge. Blue arrowheads: Bifurcate
ridge. (c) Lateral intercondylar notch with the grid of quadrant method. Positions of AM and PL

bundles in previous literatures were superimposed. ①: Takahashi, 2006 [23]. ②: Tsukada, 2008

[22].③: Zantop, 2008 [19]. (d) Distances between centers of AM and PL bundles and the cartilage

margin are indicated with black lines. The position of AM and PL bundles reported by Zantop

et al. were superimposed. a: Distance from the AM bundle and deep cartilage margin. b: Distance
between the AM and PL bundles. c: Distance from the PL bundle and inferior cartilage margin
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anterior-to-posterior direction behind the LIR, named the “lateral bifurcate ridge”

[12] (Fig. 16.1). They showed that the lateral bifurcate ridge could be identified,

particularly at the anterior part of the ACL footprint in approximately 80% of the

subjects either by arthroscopic evaluation during surgery or by histological or gross

examination in cadavers. Furthermore, some recent reports have shown that the

ACL femoral attachment behind the LIR could be divided into direct insertion

connecting the mid-substance of the ACL with fibrocartilage layers and indirect

insertion of fanlike extension fibers located between the direct insertion area and

posterior cartilage [13, 14]. The area of the direct insertion was 17.7 mm in length

and 5.3 mm in width, a width that is narrower than that reported in previous studies.

Smigielski et al. reported that the mid-substance fibers of the ACL were ribbonlike

in appearance and were 16 mm in width and 3.5 mm in thickness at the level of

femoral insertion [15]. The ACL direct insertion was in continuity with the poste-

rior femoral cortex. Similar study had been already done by Mochizuki et al. in

2006 [16]. Additionally, Tsukada et al. reported a cadaveric study that showed that

although the LIR was identified in 94% of femora, the distal half of the LIR was not

visible in 18.4% [17]. There were significant variations in the position and dimen-

sions of the LIR, particularly in the distal part of the LIR. Moreover, the macro-

scopic anterior margin of the ACL attachment was located anterior to the middle

and distal parts of the LIR. Therefore, they advocated that the utility of the LIR as a

landmark for femoral tunnel creation was limited for the PL bundle of the ACL.

Another landmark for identification of the optimal drilling point in creating the

femoral tunnels is the distance from the articular cartilage or the roof of the notch

[16, 18]. Zantop et al. reported that the mean distance from the center of the AM

bundle to the roof of the notch was 5.3 mm and to the shallow cartilage margin was

18.9 mm when the knee was in 90� flexion [19]. The mean distance from the center

of the PL bundle to the shallow cartilage margin was 6.5 mm and to the inferior

cartilage margin was 5.8 mm. These distances may be used during surgery. Tashiro

et al. measured similar distances, in 3DCT femoral models of 50 Japanese subjects,

for the centers of the AM and PL bundles, defined by the quadrant method reported

by Zantop et al. [20] (Fig. 16.1d). The mean distances from the center of the AM

bundle to the deep cartilage margin were 4.9 mm in males and 4.6 mm in females.

The mean distances from the center of the PL bundle to the shallow cartilage

margin were 7.3 mm in males and 7.1 mm in females and to the inferior cartilage

margin were 3.7 mm in males and 3.2 mm in females. The mean distances between

the centers of the AM and PL bundles were 10.2 mm in males and 9.4 mm in

females. However, it should be noted that the points reported by Zantop et al. as the

centers of the AM and PL bundles were those that contained the fanlike extension

fibers, as discussed above. Therefore, the ideal anatomical position to create the

femoral tunnel remains controversial.
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16.2.2 Radiographic Assessment of the Tunnel Location

The method used to express the tunnel locations on radiographs is important for

clinical study as well as for understanding the location of the anatomical footprint

on the lateral intercondylar notch. This information may be useful for surgery using

fluoroscopic images or navigation systems. A number of studies have used the

“quadrant method” reported by Bernard et al. for assessment of tunnel locations

[19, 21–23] (Fig. 16.1c). On the lateral radiograph of the femoral condyle, a line

along Blumensaat’s line is drawn, and the distances from the most anterior contour

and most proximal contour on this line are defined as t. The distance from the

Blumensaat’s line to the farthest contour of the posterior condyle is defined as h,
which expresses the notch height. A rectangle with side length of t and h is drawn to
cover the lateral condylar notch. The location of the femoral tunnel is projected

onto the anterior side (along Blumensaat’s line) and proximal side of the rectangle,

and the distances from the most proximal corner are measured, respectively (dis-

tance a along the anterior side and distance b along the proximal side). The ratio of

a to t represents the deep–shallow position, and the ratio of b to h represents the

high–low position of the tunnel in the intercondylar notch. Bernard et al. reported in

1997 that the center of the femoral insertion of the ACL was 24.8% for the ratio of

a to t and was 28.5% for the ratio of b to h [24].

Subsequently, a number of anatomical studies have been reported showing the

centers of the femoral insertion of the AM and PL bundles determined using the

quadrant method (Table 16.1, Fig. 16.1c). The numerical variations in each study

may have a variety of causes. The morphology of the notch may differ because of

differences in individuals or race. The definition of the rectangle to cover the notch

may vary because the Blumensaat’s line is not always straight [25], and inclusion or
exclusion of the articular cartilage within the rectangle is influenced by the method

used to show the notch, i.e., plain radiography, 3DCT, or photography. Further-

more, as Iriuchishima et al. reported, the location of the center of the ACL

Table 16.1 Location of the femoral insertion centers of the anteromedial and posterolateral

bundles of the ACL determined using the quadrant method

Anteromedial bundle Posterolateral bundle

Deep–shallow

(a/t, %)

High–low

(b/h, %)

Deep–shallow

(a/t, %)

High–low

(b/h, %)

Takahashi, 2006

[23]

31.9 26.9 39.8 53.2

Tsukada, 2008 [22] 25.9 17.8 34.8 42.1

Zantop, 2008 [19] 18.5 22.3 29.3 53.6

Forsythe, 2010 [21] 21.7 33.2 35.1 55.3

Iriuchishima, 2014

[26]

Without fanlike 35 36 43 69

With fanlike 29 37 37 73
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footprints could change depending on if the footprints include the fanlike extension

fibers [26].

16.3 Options for Femoral Tunnel Drilling

16.3.1 Trans-tibial Tunnel Technique

Drilling the femoral tunnel through the tibial tunnel is the classic method and has

been used for a long time. The method is relatively safe, the femoral drilling itself is

easy, and the method may be familiar to many surgeons. However, it has been

reported to be difficult to create the tunnel within the anatomical femoral insertion

site of the ACL [27]. Kopf et al. reported that in cases of double-bundle ACL

reconstruction, the anatomical insertion site of the AM bundle of the ACL could be

targeted through the tibial tunnel of the AM bundle only in 4.4% of the cases and

through that of the PL bundle in 60% of the cases [28]. A meta-analysis, including

six studies, showed that the femoral tunnel positions were significantly higher and

shallower for trans-tibial methods than for other tibial tunnel-independent methods,

such as transportal or outside-in methods [29].

Yasuda et al. used a specially made angle guide for creating the tibial tunnel to

indicate the direction of the tunnel that was oriented to the femoral ACL insertion

site (Fig. 16.2) [30]. They reported successful tunnel creations within the femoral

and tibial footprints of the ACL in anatomical double-bundle ACL reconstruction

[31]. In addition, several recent studies have reported that anatomical tunnel

placement could be achieved using the modified trans-tibial method in which an

anterior drawer force, a varus force, or an external rotation force were applied to the

proximal tibia during the femoral tunnel drilling through the tibial tunnels [32, 33].

Fig. 16.2 (a) Angle guide with a tip indicating the direction of guide wire (“Wire navigator,”

Smith & Nephew Endoscopy KK, Tokyo, Japan). Red line shows the direction of guide wire. Note
the tip of the guide indicates the same direction of the red line. (b) Arthroscopic view of double-

bundle ACL reconstruction using the angle guide
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Therefore, tunnels can be placed at the anatomical femoral ACL footprint using

the trans-tibial method. However, some kinds of devices or tips may be necessary to

consistently achieve anatomical tunnel placement. It is recommended that surgeons

try several methods, such as the use of a special angle guide, application of various

forces to the tibia, or aiming of the femoral AM tunnel through the tibial PL tunnel,

to drill the femoral tunnel at their desired anatomical position, but alternative

methods, such as the transportal method, should be considered if it is difficult to

aim the anatomical site through the tibial tunnel. In addition, Tashiro et al. reported

that the apertures of the femoral tunnel created by the trans-tibial method had a

tendency to become an eccentric oval shape with 120–130% elongation in the

diameter of the tunnel because of the low incident angle of drilling to the wall of the

intercondylar notch, which may have a risk of coalition of tunnels for the AM and

PL bundles [34].

16.3.2 Transmedial Portal Technique

Drilling the femoral tunnel through the medial portal is a method that enables

targeting of the drilling site freely at the surgeon’s desired point. The use of the

two-medial portal technique that uses the standard AM viewing portal for the

arthroscope and another far medial and low working portal for a radiofrequency

device or for drilling is advocated. A number of clinical studies have reported high

success rates of tunnel placement within the anatomical ACL footprint using this

method [11, 21, 28, 32, 35]. However, high flexion (�110�) of the knee is necessary
during the tunnel drilling to avoid complications, such as posterior condyle blow-

out, insufficiently long tunnels, or peroneal nerve injury [36, 37]. Nakamae

et al. reported a cadaveric study that showed that a flexion angle between 110 and

120� was recommended to avoid the risk of damage to the articular cartilage and

lateral collateral ligament during drilling [38]. Osaki et al. reported that the tunnel

outlet on the lateral femoral surface, when using this method, was often located

under the attachment of the lateral head of the gastrocnemius at the posterolateral

area of the femoral condyle; thus, an interposition of thick soft tissue between the

lateral cortex and cortical fixation button for the graft frequently occurred, a

situation that may cause fixation failure of the graft [39] (Fig. 16.3). They showed

that both the lower placement of the drilling portal and higher knee flexion angles

>120� had the effect of moving the location of the tunnel outlet more anteriorly on

the lateral cortex, which avoids interference with the attachment of the gastrocne-

mius. In contrast, medialization of the drilling portal moved the lateral tunnel outlet

posteriorly. Therefore, although more medial placement of the drilling portal has a

favorable effect on the shape of the tunnel aperture on the ACL footprint and avoids

a predominant oval shape, it also has a tradeoff in that the location of the tunnel

outlet is located at the posterior area of the lateral femoral condyle.

If the surgeon prefers a deep flexion angle >120� during femoral drilling, the

position of the knee during surgery should be considered (Fig. 16.4). It may be
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difficult to flex the knee >120� when the knee is hung on the leg holder during

surgery. The use of a low profile leg holder or surgery on an operating table should

be considered if the surgeon intends to drill the femoral tunnel with the knee flexed

�130�.
The location of the tunnel outlet on the femoral surface is more lateral and

posterior in the transportal technique than in the trans-tibial technique [40]. This

could be a benefit with regard to reducing the graft bending angle at the femoral

tunnel aperture throughout the full range of motion of the knee. Significant graft

bending at the tunnel aperture might cause increased stress on the graft or tunnel

aperture, which could result in the damage of the graft or tunnel widening.

Nishimoto et al. reported that the graft bending angle was significantly smaller in

the transportal technique than in the trans-tibial technique [41]. However, no

clinical study has been reported in which either clinical results or tunnel widening

was more favorable for the transportal technique than for the trans-tibial technique.

16.3.3 Outside-In Technique

The advantage of the outside-in method is that it is relatively easy to target the ACL

footprint and has a good visualization for 90� flexion of the knee, which provides a

familiar view of the footprint. Because this technique allows more freedom in

manipulating the direction of tunnels, the surgeon can avoid complications in

creating tunnels, such as posterior wall blowout and injuries of the cartilage, lateral

collateral ligament, or iliotibial band. Amano et al. reported results of their case

Fig. 16.3 Schema of lateral surface of the femoral condyle. The proximal and posterior area is

covered by the attachment of lateral head of the gastrocnemius (pink area). Tunnel outlets are
often located at this area with the transmedial portal technique. Deep knee bend> 135� is needed
to move the tunnel outlets to the area that is not covered with thick soft tissues (green area). Red
dot: Lateral epicondyle. Blue line: Attachment of the joint capsule
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series of patients treated by the double-bundle ACL reconstruction with outside-in

method and showed that >90% of the patients exhibited satisfactory results

regarding anterior stability, range of motion, and IKDC evaluations [42]. Although

this technique requires another incision on the lateral femur, recent development of

a retrograde reaming device enabled reaming of the femoral tunnel socket of any

diameter through a narrow tunnel under a small incision and fixation of the graft

using a suspension cortical button. Therefore, this technique may also be attractive

to surgeons performing anatomical single-bundle reconstruction. Surgeons may

consider manipulation of the tunnel direction using this method with an oval-

shaped tunnel aperture to cover the anatomical femoral footprint of the ACL as

much as possible in single-bundle reconstruction (Fig. 16.5a, b). Hensler

Fig. 16.4 Options of knee position during the ACL reconstruction. (a) The knee can be hung on a

leg holder at the side or the end of the table. (b) Deep knee bend> 120�may be difficult on the

regular leg holder. A low profile leg holder is needed to obtain the deep knee bend> 120�. (c)
Operating on the table enables the deep knee bend up to full flexion if desired. (d) The deep knee

bend can also be obtained with a figure-four position on the table or the regular leg holder
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et al. investigated the optimal flexion angle of the knee during the transmedial

portal drilling to restore the anatomical ACL footprint by the tunnel aperture

[43]. However, the outside-in technique is easier to manipulate the tunnel direction

than the transmedial portal technique. Lubowitz et al. reported that a guide pin

entrance angle of 60� to a line perpendicular to the femoral anatomical axis

combined with a guide pin entrance angle of 20� to the transepicondylar axis

resulted in the closest approximation of the normal anatomical morphology of the

ACL femoral footprint [44]. In contrast, Matsubara et al. reported that the tunnel

direction reported by Lubowitz would place the cortical fixation button on the

posterior area of the lateral femoral condyle that was covered by the attachment

of the lateral head of the gastrocnemius [45]. They concluded that a single-bundle

tunnel connecting the center of the anatomical footprint of the ACL and an entry

drilling point 2 cm from the lateral epicondyle on a line between 45 and 60� anterior
from the proximal–distal axis provided an oval-shaped socket aperture at the ACL

footprint that optimally covered and restored the native ACL footprint (Fig. 16.5c).

Fig. 16.5 (a) Simulation of aperture for 9-mm diameter tunnel (blue oval) placed on the ACL

footprint (red area) to cover the footprint area as much as possible. (b) Arthroscopic view of

single-bundle reconstruction covering the ACL footprint with the oval-shaped tunnel aperture. The

diameter of the socket is 8 mm. (c) Schema of lateral view of the femoral condyle. Lines of 45 and

60� anterior from the proximal–distal axis are drawn from the lateral epicondyle (red dot). An area
around 2 cm from the lateral epicondyle on the lines is indicated (green area). Pink area:
Attachment of the lateral head of gastrocnemius. Blue line: Attachment of the joint capsule
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A more oblique tunnel can be created if the surgeon increases the angle of the

guide when performing outside-in drilling. Consequently, the tunnel outlet on the

lateral femoral surface (entry point for outside-in drilling) would be located in a

more anterior and proximal area of the femoral condyle. It should be noted that as

the entry point for outside-in drilling moves anteriorly and proximally, the inci-

dence angle of drilling to the femoral surface increases. Consequently, the tunnel

aperture on the lateral femoral cortex becomes more oval shaped with an elongated

axis. It has been reported that the long axis of an oval-shaped tunnel aperture on the

lateral femoral cortex becomes more than half the size of the cortical button when

the drilling entry point is located >2 cm away from the lateral epicondyle even

though the tunnel diameter is 5 mm [46]. Therefore, those who make 5- to 6-mm

diameter tunnels using the outside-in method for double-bundle ACL reconstruc-

tion should be aware of the risk of fixation failure of cortical buttons for grafts if the

buttons are placed to align with the major axis of the oval-shaped tunnel aperture on

the lateral femoral cortex.

Another concern is that the tunnel length measured in this technique represents

the length at the center of the tunnel. In this technique, tunnel length is measured

using a guide pin before the socket is reamed around the pin. However, when the

tunnel is oblique to the intercondylar wall, the tunnel length at the periphery of the

socket is shorter or longer than the length measured at the center of the tunnel

(Fig. 16.6). This causes overestimation of the tunnel length and may cause a

Fig. 16.6 (a) Simulation of the outside-in technique creating a 9-mm diameter socket with

retrograde reaming. A tunnel with an oblique direction to the intercondylar wall is simulated.

(b) The shape of the simulated tunnel and socket is shown. The socket length at the periphery (b) is
shorter than that at the center of the tunnel (a). c Difference of the tunnel length between at the

center and the shortest periphery. (c) A case of single-bundle reconstruction with a BTB graft.

Note the tunnel length at the anterior periphery of the socket (red line) was shorter than the graft

length adjusted to the tunnel length at the center of the tunnel (blue line)
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problem in graft preparation particularly in single-bundle reconstruction with a

bone–patellar tendon–bone (BTB) graft. A simulation study showed that a signif-

icant oblique tunnel made using the outside-in method could cause considerable

overestimation of tunnel length up to 5 mm [47]. If the surgeon intends to prepare

the length of BTB graft to set the bone–tendon junction on the aperture of the

socket, consideration should be given to the mismatch between the guide pin length

and the actual tunnel length at the periphery of the socket (Fig. 16.6c).

16.3.4 Rectangular Socket for Grafts with a Bone Plug

Shino et al. introduced a method to place the BTB graft in an anatomically oriented

fashion to cover the anatomical ACL footprint and to mimic the ribbonlike shape of

the mid-substance of the native ACL. In this technique, a 5 mm� 10 mm rectan-

gular socket is created just behind the LIR to cover the anatomical femoral footprint

[48, 49]. The bone plug of the BTB graft is prepared to be 10-mm wide and 5-mm

thick. To make the rectangular femoral socket, two 5-mm diameter round sockets

are created, aligned side by side using the transportal method, followed by connec-

tion of the two sockets and dilation using a rectangular-shaped dilator. The outside-

in technique can also be used to create the femoral rectangular tunnel, and the graft

can be fixed using an interference screw [50]. Suzuki et al. reported that excellent

integration of the bone plug of a BTB graft within the rectangular socket was

confirmed by CT in 80% of the patients within 8 weeks after surgery [51].

16.4 Femoral Tunnel Widening and Translation After

Anatomical ACL Reconstruction

A number of studies have demonstrated that the volume and position of femoral

tunnels change after surgery. Tunnel widening was often observed when measured

at 1 year after ACL reconstruction using hamstring tendon grafts, with the tunnel

aperture area increasing by 10 –30% relative to that of the initial area [52–

55]. Some studies have reported that widening of the tunnel was more significant

for a PL bundle than for an AM bundle [55]. It also has been reported that femoral

tunnels had a tendency to translate in the anterior and distal directions when

measured using the quadrant method [52, 53, 55]. However, whether or not this

postoperative tunnel translation should be considered for the initial tunnel position

is controversial because no reported studies have shown clinical differences related

to the tunnel translation.
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Chapter 17

Tibial Bone Tunnel Placement

in Double-Bundle Anterior Cruciate

Ligament Reconstruction Using Hamstring

Tendons

Takashi Ohsawa, Kenji Takagishi, and Masashi Kimura

Abstract There have been many discussions about the femoral tunnel positions

during double-bundle anterior cruciate ligament (ACL) reconstruction, and several

authors have reported that the femoral ACL attachment was behind the “resident’s
ridge” and that femoral tunnels should be created behind that ridge. On the other

hand, the tibial ACL attachment is variable. Bedi et al. reported that the over-the-

top and anterior tibial tunnel positions provided good control in the Lachman test

and the pivot shift test compared with posterior tibial tunnel positions. However, the

over-the-top tibial tunnel position may cause roof impingement, so a landmark for

the anterior border of the tibial tunnels is needed. We reported that the transverse

ligament and Parsons’ knob are useful as anterior landmarks for tibial sagittal

insertions of anteromedial (AM) tunnels. The tibial intertubercular ridge is useful

as a posterior landmark for tibial sagittal insertions of posterolateral (PL) tunnels.

Furthermore, the medial intercondylar ridge is useful as a medial landmark for

insertions of both tunnels. In this chapter, we introduce the technique of arthro-

scopic anatomical double-bundle ACL reconstruction, focusing on tibial tunnel

creation in particular.

Keyword Tibial tunnel • Transverse ligament • Parsons’ knob • Tibial

intertubercular ridge • Medial intercondylar ridge
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17.1 Introduction

Anterior cruciate ligament (ACL) reconstruction is performed widely all over the

world. Recently, the femoral tunnel position has been well described in the litera-

ture [1–3]. Several authors reported that the femoral ACL attachment was behind

the “resident’s ridge” and that femoral tunnels should be created behind that ridge

[4–6]. In association with the discussions about femoral tunnel positions, the

discussions about tibial tunnel positions have thrived. Howell et al. reported that

the tibial tunnels should be posterior because of roof impingement [7], but the

femoral and tibial tunnel placements were not anatomical. Iriuchishima

et al. proved that roof impingement does not occur if the femoral and tibial tunnels

are created anatomically [8]. Bedi et al. reported that the over-the-top and anterior

tibial tunnel positions provided good control in the Lachman test and the pivot shift

test compared with posterior tibial tunnel positions [9]. However, an anterior tibial

tunnel position increased the risk of roof impingement in extension. Thus, a

landmark for the anterior border of the tibial tunnels is needed. Kongcharoensombat

et al. reported that a transverse ligament that connects the anterior margin of the

lateral meniscus to the anterior horn of the medial meniscus is useful as a landmark

for tibial sagittal insertions during arthroscopic surgery [10]. However, the position

of the transverse ligament changes with knee flexion angle and has some variations

[11]. Berg reported that a bony prominence called Parsons’ knob (tuberculum

intercondylare tertium), located anterior to the anterior horn of the medial meniscus

and the ACL, is useful as a landmark for the anterior edge of the anteromedial

(AM) tunnel on sagittal X-ray [12]. However, it is difficult to clarify the position of

Parsons’ knob during arthroscopy. Therefore, using both the transverse ligament

and Parsons’ knob is useful for checking the anterior edge of the AM tunnel. We

reported the clinical results comparing two tibial tunnel positions during double-

bundle ACL reconstruction [13]. We concluded that patients in the anterior tunnel

position group showed better knee stability and range of motion for flexion than

those in the posterior tibial tunnel group and that the transverse ligament and

Parsons’ knob are useful as landmarks for the anterior edge of the AM tunnel.

Purnell et al. reported that the medial intercondylar ridge can be used as the medial

edge of the ACL tunnel [14]. Recently, Siebold et al. reported the ACL tibial

“C”-shaped insertion site and the relationship of the ACL tibial attachment and

the bony insertion of the anterior root of the lateral meniscus [15]. They concluded

that no posterolateral inserting ACL fibers were found, but posteromedial inserting

ACL fibers were found. The anterior root attachment of the lateral meniscus was

found posterolateral to the ACL fibers. We usually create the PL tunnel just lateral

to the medial intercondylar ridge to avoid injuring the anterior root attachment of

the lateral meniscus. Tensho et al. reported the three bony landmarks, Parson’s knob
as an anterior landmark, the medial intercondylar ridge as a medial landmark, the

lateral groove as a lateral landmark, and the intertubercular fossa as a posterior

landmark on 3D CT [16]. In this chapter, we introduce the technique of arthroscopic
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anatomical double-bundle ACL reconstruction, focusing particularly on tibial tun-

nel creation.

17.2 Methods

17.2.1 Surgical Procedure

17.2.1.1 Graft Harvesting and Preparation

Only the semitendinosus tendon or the semitendinosus and gracilis tendons are

harvested with a tendon harvester after an approximately 4-cm longitudinal incision

is made. If double-looped grafts for the AM and posterolateral (PL) bundles are

smaller than 6 mm in diameter and 60 mm in length, we add gracilis tendons. An

EndoButton CL (Smith & Nephew Endoscopy, Andover, MA) is connected to the

loop end, and a Telos artificial ligament (Telos, Marburg, Germany) is tied to the

free end of the graft.

17.2.1.2 Tibial Tunnel Creation

Double-bundle ACL reconstruction is performed with a tibial insertion site length

of 14 mm or more [17]. An anteromedial portal is usually used for arthroscopic

viewing of the ACL tibial attachment. We make an AM tunnel lateral to the medial

intercondylar ridge and posterior to the transverse ligament or Parsons’ knob at 90�

of knee flexion (Figs. 17.1 and 17.2). It is important to carefully check the medial

intercondylar ridge and the transverse ligament. The border of the medial

intercondylar ridge and ACL remnant can be checked by the anteromedial portal.

We do not usually use the anterior root attachment of the lateral meniscus as a

landmark because the attachment is variable [18] and not visible during tibial

remnant-preserved technique. The 2.4-mm guide wires are inserted into the tibial

cortical surface 1–2 cm proximal from the tibial attachment of the hamstrings using

outside-in technique with an acufex director ACL aimer (Smith & Nephew Endos-

copy) via a far anteromedial portal. We always check that the 2.4-mm guide wire

has been inserted just behind Parsons’ knob by a sagittal X-ray and just lateral to the
medial intercondylar ridge by a coronal X-ray (Fig. 17.3). If the guide wire goes

through Parsons’ knob, the guide wire should be inserted more posterior. A 5.0- to

7.0-mm tunnel is then drilled over the guide wire for the AM tunnel. The 2.4-mm

guide wires are inserted into the tibial cortical surface about one finger medial to the

AM tunnel. The PL tunnel is also created just lateral to the medial intercondylar

ridge. If the PL tunnel position is too lateral, impingement to the intercondylar

notch may occur. The PL tunnel’s position in front of the tibial intertubercular ridge
and the 8–9-mm distance between it and the guide wire for the AM tunnel are also

checked by a sagittal X-ray. The two tunnels have no direct line of communication.
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Fig. 17.1 Intraoperative arthroscopic view from the anterolateral portal

▽ shows the transverse ligament. The 2.4-mm guide wire for the AM tunnel should be inserted just

posterior to the transverse ligament at 90� knee flexion. The AM tunnel position must not be too

anterior to the ACL tibial attachment. It is important to maintain 90� knee flexion to avoid

misplacement caused by changing the position of the transverse ligament

Fig. 17.2 Intraoperative arthroscopic view from the anteromedial portal

△ shows the medial intercondylar ridge. The guide wire for the AM tunnel is inserted just posterior

to the transverse ligament and lateral to the medial intercondylar ridge. The guide wire for the PL

tunnel is inserted lateral to the medial intercondylar ridge and anterior to the tibial intertubercular

ridge. The anteromedial portal is useful for checking the position of the medial intercondylar ridge,

the tibial intertubercular ridge, and the relationships of the AM and PL tunnels
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17.2.1.3 Femoral Tunnel Creation

We usually check the “resident’s ridge” on the lateral wall after cleaning up the

ACL remnant. The “resident’s ridge” is defined as a vertical-to-transverse cortical

thickening of the lateral femoral condyle at 90� of knee flexion. We make femoral

tunnels behind the “resident’s ridge,” using a far anteromedial portal technique or

the outside-in technique for making the AM and PL tunnels. Far anteromedial

portal viewing is useful for checking the relationships between the “resident’s
ridge” and the AM and PL tunnels. A 2.4-mm guide wire is inserted in the footprint

behind the ridge. Then, a 5.0- to 7.0-mm tunnel is drilled over the guide wire for the

AM and PL grafts.

17.2.1.4 Graft Fixation

The graft for the PL bundle is first introduced through the joint to the femoral drill

hole using a passing pin (Smith & Nephew Endoscopy). The EndButton is flipped

Fig. 17.3 Intraoperative X-rays.

(a) Intraoperative sagittal X-ray

▽ shows Parsons’ knob, and ⇩ shows the tibial intertubercular ridge. An intraoperative sagittal

X-ray is always taken to check the relationship of the position of the 2.4-mm guide wire with the

AM tunnel and Parsons’ knob. If the 2.4-mm guide wire for the AM tunnel is positioned through

Parsons’ knob, the guide wire is reinserted just posterior to Parsons’ knob.
(b) Intraoperative coronal X-ray

⇩ shows the guide wire for the AM and PL tunnels. We usually check that both guide wires are

positioned just lateral to the medial intercondylar ridge (▽ shows the medial intercondylar ridge)

and do not go through too close to the medial tibial plateau
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and fixed on the femoral cortical surface. Then, the graft for the AM bundle is

introduced and fixed in the same manner. Staples are used for the graft fixation on

the tibial side at 20� of knee flexion, and both grafts are fixed together. The tibial

fixation of the AM and PL grafts is carried out with 30 N of traction applied to each

bundle. Postoperatively, a knee brace is used to immobilize the knee at 20� of

flexion.

17.2.2 Postoperative Management

Continuous passive motion is started 2 days postoperatively. Two weeks postoper-

atively, weight-bearing is initiated, and full weight-bearing is started at 4 weeks.

Jogging is encouraged after 3 months postoperatively. Sprinting and various com-

petitive exercises are allowed 6 months postoperatively, and return to full sports

activities is allowed at 8 months postoperatively.

17.3 Postoperative Evaluations

A case at 1 year after surgery is shown.

17.3.1 Postoperative CT

Postoperative CT is shown in Fig. 17.4. The AM tunnel was created just behind

Parsons’ knob, and the PL tunnel was just in front of the tibial intertubercular ridge.

Both tunnels were positioned just lateral to the medial intercondylar ridge.

AM

PL

Fig. 17.4 3D CT at 1-year

postoperative

▽ shows Parsons’ knob, and
⇩ shows the tibial

intertubercular ridge. The

AM and PL tunnels are

positioned just lateral to the

medial intercondylar ridge

(△ shows the medial

intercondylar ridge).

➡ shows the intertubercular

fossa; the PL tunnel is just

anterior to the fossa. Both

tunnels have no direct line

of communication
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17.3.2 Postoperative MRI

Roof impingement and cyclops regions were not suspected on MRI (Fig. 17.5).

17.3.3 Second-Look Arthroscopy

Figure 17.6 shows the view at second-look arthroscopy at 1-year postoperative in a

case in which the technique mentioned above was performed. The approach to

second-look arthroscopy was reported previously [13]. There were no tears and

impingement, the synovial cover was evaluated as excellent, and the tension of the

graft was evaluated as being taut.

17.4 Conclusion

The relationship between femoral and tibial tunnel positions is important to avoid

causing impingement. During ACL reconstruction, the transverse ligament and

Parsons’ knob are useful as anterior landmarks, the medial intercondylar ridge is

Fig. 17.5 Sagittal MRI at

1-year postoperative

Roof impingement and

cyclops regions were not

suspected in this case. The

AM tunnel is positioned just

posterior to Parsons’ knob.
The PL tunnel is positioned

just anterior to the tibial

intertubercular ridge.

▽ shows Parsons’ knob, and
⇩ shows the tibial

intertubercular ridge
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useful as a medial landmark, and the tibial intertubercular ridge is useful as a

posterior landmark.
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Chapter 18

Tensioning and Fixation of the Graft

Tatsuo Mae and Konsei Shino

Abstract Initial tension at graft fixation in ACL reconstruction is one of the

important factors for successful outcomes. Excessive low tension leads to lax

knee, which resulted in an unsatisfied outcome, while too much tension may

bring the abnormal tibial position relative to femur and the deleterious effects of

articular cartilage, which resulted in graft tear or cartilage degeneration. However,

there is still no clear consensus on the optimal initial tension in clinical situation,

though the initial tension must be within the safety range. Laxity match pretension

(LMP), which is the graft tension to obtain the normal anterior-posterior laxity in

ACL reconstruction, can be the standard of graft tension, whereas that depends on

the graft materials and the surgical procedures. Thus, a safe range of initial tension

based on the LMP should be taken into account in ACL reconstruction. Addition-

ally, the tensioning boot system is quite useful to apply the intended tension to the

graft, because this system makes it possible to give tension to graft on the basis of

the tibia at graft fixation.

Keywords ACL • Graft • Tension • Laxity match pretension • Tensioning boot

system

18.1 Introduction

Initial tension at graft fixation is one of the key factors for satisfactory outcomes

after ACL reconstruction. There were some studies to investigate the effect of

initial tension on the outcomes after ACL reconstruction, while the optimal initial

tension at graft fixation still has room for discussion. Excessive low tension leads to

lax knee immediately after fixation, which resulted in an unsatisfied outcome.

Fleming et al. reported that anterior tibial displacement decreased with increase
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of initial tension in response to anterior tibial load in cadaveric ACL reconstruction

and showed that larger initial tension at graft fixation had advantage for anterior

knee stability [1]. It could be reasonably assumed indispensable to apply greater

initial tension than the physiological tension of the normal ACL for restoration of

knee stability after ACL reconstruction, as the stress relaxation and the remodeling

of graft must be taken into account after graft fixation. On the other hand, some

investigators warned that excessive great initial tension might lead to loss of

extension, graft failure, abnormal femur-tibial relationship, and cartilage degener-

ation [2–7]. Yoshiya et al. reconstructed ACL with 1 or 39 N of initial tension for

medial one third of patellar tendon graft in canine model and suggested that

minimal tension should be applied to the graft, as poor vascularity and focal myxoid

degeneration was found at 3 months within the grafts which had been pretensioned

at 39 N [7]. These studies suggest excessive low and high initial tension should be

avoided. Therefore, it is necessary to determine the optimal initial tension at graft

fixation in ACL reconstruction.

18.2 Effect of Initial Tension

ACL graft runs from the supero-posterior margin of the lateral wall of the

intercondylar notch to anteromedial portion of the tibial plateau. Once graft fixes

on the femoral side in ACL reconstruction, tibia can move on the basis of femur in

pulling graft with tension. Melby III et al. described increase of graft tensioning in

ACL reconstruction which resulted in posterior subluxation of the tibia and lateral/

external rotation tibial subluxations [2]. Brady et al. clarified the effects of initial

graft tension on the tibiofemoral compressive force and joint position after ACL

reconstruction and mentioned an increase in initial graft tension which increased

the tibiofemoral compressive force and produced a posterior neutral shift and

external rotation of the tibia relative to the femur in the quasi-static, passively

flexed human cadaveric knee [8]. They concluded that a low initial tension on the

patellar tendon graft (1–15 N) best simulated the normal tibiofemoral compressive

force and neutral position. We also investigated the effect of initial tension on the

tibial position and mentioned that the tibia moved posterolaterally with external and

valgus rotation and that the proximal movement of the tibia consequently brought

the increase of the contact force in both compartments of femorotibial joint with an

increase of initial tension [9] (Fig. 18.1). Thus, excessive large initial tension at

graft fixation may bring deleterious effects to the articular surface, leading to

cartilage degeneration and graft tear.
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18.3 Clinical study

There are some studies regarding the effect of initial tension on the clinical out-

comes after ACL reconstruction. Yasuda et al. compared among 20, 40, and 80 N of

three different initial tensions at graft fixation in conventional single-bundle ACL

reconstruction with autogenous hamstring tendon graft and described the postop-

erative side-to-side difference in anterior laxity was significantly less in 80 N group

than that in 20 N group 2 years or more after surgery [10]. Thus, they concluded that

relatively high tension reduced the postoperative anterior laxity after ACL recon-

struction. On the other hand, Yoshiya et al. investigated the effect of the initial

tension on the clinical outcome after ACL reconstruction with two different initial

tensions of 25 N and 50 N and followed up their patients up to 2 years after ACL

reconstruction with autogenous bone-patellar tendon-bone graft [11]. They found

no significant difference in the clinical outcomes throughout the follow-up. Van

Kampen et al. compared clinical outcomes 2 years after ACL reconstruction using

autogenous bone-patellar tendon-bone graft between 20 N and 40 N of initial

tension [12]. They described that there were no significant differences on outcomes

after ACL reconstruction with two different initial tensions and that graft tension of

20 N seemed to be sufficient without the risk of over-constraining the knee joint.

Thus, there is still no clear consensus on the optimal initial tension in clinical

situation, though the initial tension must be within the safety range. We prelimi-

narily performed isometric Rosenberg bi-socket ACL reconstruction with three

different amounts of initial tension of 60, 80, and 100 N and measured the side-

to-side difference with KT knee arthrometer at 2-year follow-up. Then the disper-

sion in 100 N group was largest among three groups, though there was no signif-

icant difference in the average side-to-side difference (Fig. 18.2). Therefore,

excessive large tension is unnecessary for steady ACL outcomes.

a) b)
Fig. 18.1 Effect of initial

tension on tibiofemoral

relationship. Tibia moves

posterolaterally with

external and valgus rotation

with an increase of initial

tension. (a) Coronal plane,

(b) axial plane.

Solid line, previous tibial
position; dot line, tibial
position after graft fixation

with some amount of

tension
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18.4 Laxity Match Pretension

The standard of tension is required to determine the optimal initial tension. Laxity

match pretension (LMP), which is the graft tension to obtain the normal anterior-

posterior laxity in ACL reconstruction, is quite useful as the standard of graft

tension. Burks et al. measured the LMP for several graft materials in the isometric

single-bundle ACL reconstruction and reported that the LMP value was 3.6 lb

(16 N) for BTB graft, 8.5 lb (37.8 N) for doubled semitendinosus graft, and 13.6 lb

(60.5 N) for iliotibial band graft, showing the required tension varied among the

graft materials [13]. We also reported that the LMP in ACL reconstruction with

hamstring tendon graft was 44 N for isometric single-socket technique, 25 N for

isometric bi-socket one, and 7.3 N for anatomic double-bundle one and elucidated

that the initial tension was different depending on the surgical procedure

[14, 15]. Therefore, the optimal graft initial tension should be determined, based

on the graft materials and the operative techniques.

18.5 Optimal Initial Tension

It is our belief that the initial graft tension should be slightly larger than the LMP to

achieve good clinical outcomes, as the graft tension decreases after fixation because

of stress relaxation or creep of the construct. We performed the anatomic double-

bundle ACL reconstruction with hamstring tendon graft with 20 N of total initial

tension, based on 7.3 N of LMP value (range from 2.2 to 14 N) in this technique,

and reported good clinical outcomes including KT side-to-side difference and

second-look arthroscopic findings at 2 years postoperatively [16]. Thus, 20 N of

initial tension is minimally required tension within safety range for the anatomic

double-bundle technique. Shino et al. recently developed the anatomic triple-

bundle ACL reconstruction with two femoral and three tibial tunnels within the
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ACL attachment, while this procedure more closely mimics the morphology of the

normal ACL [17] (Fig. 18.3). We then compared the anterior knee laxity with KT

knee arthrometer immediately after anatomic ACL reconstruction between the

double-bundle and the triple-bundle techniques with initial tension of 20 N and

found that the mean anterior laxity was smaller in the triple-bundle technique than

that in the double-bundle technique. This suggests that greater contact area between

the tibial tunnel wall and the graft in the triple-bundle technique contributed to

better knee stability [18]. Thus, less than 20 N for initial tension can be enough for

good outcomes in this triple-bundle technique.

Markolf et al. measured the tension to normal ACL on cadaveric knees and

reported that the ACL tension at 20� was nearly 0 N [19]. Thus, we believe that the

initial graft tension at 20� should be minimized to mimic the tension pattern of the

native ACL. Moreover, the smaller the initial tension is applied, the less stress is

imposed to the graft, its fixation sites, or articular cartilage. In this point of view, the

triple-bundle technique can more closely mimic the normal ACL.

18.6 Femoral Fixation

A lot of devices for graft fixation at femoral side are available. Those included

absorbable or nonabsorbable devices with cortical, intra-tunnel, or aperture fixa-

tions [20–24]. For hamstring tendon graft, suspensory fixation devices including

suture loop and titanium button settled on the lateral femoral cortex are widely

used. They have advantages such as easy fixation, while they have disadvantages of

longer inter-fixation distance, which resulted in more bungee cord motion

Fig. 18.3 ACL graft in

anatomic triple-bundle

reconstruction
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[25]. Recently, adjustable-length loop devices became available to adjust the length

of graft in the tunnel, but had a risk of loosening during range of motion or walking

in the early phase [26–29]. Petre et al. suggested that adjustable-length loop devices

need to be retensioned after cycling the knee and fixing the tibial side to account for

the increased initial displacement seen with these devices, as the fixed-length loop

devices displaced significantly less than the adjustable-length loop devices

[27]. Intra-tunnel fixation like cross pin for hamstring tendons can shorten the

inter-fixation distance, but had the difficulty to make two tunnels in the anatomical

ACL attachment. Interference screw is common for fixation of BTB graft that could

shorten the inter-fixation distance but show a large variation of fixation strength

depending on the bone quality and the screw position [30, 31]. Therefore, we must

take into account the advantages and the disadvantages of each device at the time of

graft fixation to the femur.

18.7 Tibial Fixation

At graft fixation to tibia, sutures tied to the graft are generally fixed to the post screw

with manually maximum tension. Yoshihara et al. compared the pretensioned graft

load and the residual load in the implanted graft among three different fixation

techniques: interference screw, suture-post, and suture-button techniques

[32]. They described that the interference screw fixation technique obtained the

highest graft tension in spite of overload beyond the intended set force and that the

applied load was well maintained during fixation in the suture-post technique, while

the graft load in the suture-button technique was reduced probably due to slippage

of the button. On the other hand, the suture-post method includes some indefinite

factors: (1) difficulty to give the consistent tension to graft as the manually

maximum tension is different among the surgeons, (2) risk of loosening or break

of suture at the time of knot tying, and (3) stress relaxation of the construct after

fixation. Double-staple technique combined with polyester tape and spike washer

with a screw for soft tissue graft is also available to control tension with a tensioner.

But these fixation techniques could not escape from the risk of slippage of graft

under devices, resulting in loss of tension. Shino et al. developed double-spike

plate/DSP (Meira Co., Nagoya, Japan), which could allow us to fix graft with any

intended tension for tibial fixation [33] (Fig. 18.4). They reported that the graft

tension temporarily increased, while the base spikes were being hammered, but the

intended tension was maintained even 5 min after fixation. They showed high

reliability in initial fixation using DSP.
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18.8 Tensioning Technique

In case of graft fixation at the tibia with a tensioner, quantitative tension is usually

applied by manual pulls. This technique is quite simple, but the graft tension after

fixation could be assumed to change, because the measured tension was based on

the surgeon’s hand holding the tensioner, not the tibia itself. Then the tension to the
graft fixed between the femur and the tibia immediately decreases after fixation

according to posterior and proximal translation of tibia. Shino developed a tension-

ing boot system made of metal (Fig. 18.5). This metal shell boot has tensioners

connected to grafts and is fixed to the calf with a bandage. This system makes it

possible to give tension to the grafts on the basis of the tibia, as the boot is

connected to the tibia. During tensioning of the graft with this boot system, the

measured tension based on the tibia or the exact tension of the graft to be fixed

between the femur and the tibia is monitored. The tensioner could show the

decrease in tension, while the tibia gradually moves posteriorly. Thus, further

tightening of the graft could be accomplished monitoring the graft tension based

on the tibia. Then the decrease in tension to the graft could be assumed little after

fixation between the femur and the tibia, leaving the intended amount of tension to

the graft.

We believe the initial tension at graft fixation should be as low as possible,

because the tension in the normal ACL is nearly zero around 20 � of flexion where

Fig. 18.4 Tibial graft

fixation with DSP (double-

spike plate) and screw
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the graft is fixed [19]. However it is not recommendable to apply such small amount

of tension manually with a tensioner without the boot system, as the tension loaded

to the graft will decrease soon after fixation. Therefore, it is our recommendation to

use the tensioning boot system to apply such low initial tension to the graft at the

time of fixation in ACL reconstruction.

18.9 Summary

Excessively great amount of tension to the graft potentially makes cartilage degen-

eration or is harmful to graft healing, while too low tension leads to lax knee. Thus,

a safe range of initial tension based on the laxity match pretension should be taken

into account in ACL reconstruction. Thus, the tensioning boot system should be

utilized at the time of graft fixation in ACL reconstruction to apply the intended

tension to the graft.
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Chapter 19

Tendon Regeneration After Harvest for ACL

Reconstruction

Shinichi Yoshiya

Abstract It has been reported that tissue regeneration at the graft harvest site takes

place following harvest of autogenous tendon grafts, such as bone-patellar tendon-

bone (B-PT-B) or hamstring tendon grafts, in ligament reconstructive surgery.

In addition, it has also been shown that the regenerated tissue is gradually

remodeled to regain properties resembling normal tendons through the subsequent

remodeling process. Previous imaging studies using MRI, CT, and ultrasonographic

examinations reported a considerably high tendon regeneration rate of more than

70%; however, the morphology of the whole muscle-tendon unit does not regain its

original topography. Moreover, when the biological, biochemical, and bio-

mechanical properties of the regenerated tissue is compared to those of the origi-

nal tendon, distinct differences are identified between the original and the regenerated

tissues. Consequently, postoperative functional deficits, such as muscle weakness,

caused by the harvest of the graft cannot be fully discovered even years after surgery,

and a caution should be exercised for use of the reharvested tendon graft in

revision surgeries.

Keywords Tendon regeneration • Graft harvest • ACL reconstruction • Revision

reconstruction

19.1 Introduction

Use of autogenous tendon graft is generally a primary option for graft selection in

anterior cruciate ligament (ACL) reconstruction. Among the tendon tissues used as

graft materials, a bone-patellar tendon-bone graft and a hamstring tendon graft are

the most popular options in our current practice. Harvest of autogenous tissue is

inevitably associated with potential loss of the functionality originally provided by

the harvested tissue. Moreover, incomplete healing at the graft harvest site may

result in undesirable symptoms such as pain and discomfort. These potential
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problems associated with graft harvest are called “graft donor-site morbidities.”

In order to manage and minimize the donor-site morbidities, an understanding of

tissue regeneration after graft harvest is critical.

This chapter deals with this issue of clinical importance based on the review of

previous relevant studies. The content focuses on the extent and time course of

tissue healing and regeneration following graft harvest, its effect on the

clinical outcome, and potential factors that may influence the tissue regeneration/

healing process at the donor site.

19.2 Bone-Patellar Tendon-Bone Graft

The bone-patellar tendon-bone graft has been one of the most popularly used graft

materials, and a number of studies have been performed to investigate tissue

regeneration at the graft harvest site [1–10].

19.2.1 Tendon Regeneration

19.2.1.1 Animal Studies

Cabaud et al. [11] examined the healing following harvest of the medial third of the

patellar tendon in dogs and reported that the operated patellar tendon regained its

original strength as well as normal microscopic appearance with oriented collagen

fibers. Following this study, Laprade et al. [12] performed a canine study examining

the histological and biomechanical properties of the regenerated tissue after harvest

of the central third of the patellar tendon. Based on the study results, they concluded

that the regenerated tendon did not have the same properties as the native patellar

tendon for up to 1 year. Burks et al. [13] examined the biomechanical properties of

canine patellar tendons after removal of their central third and showed that the

operated patellar tendon had significantly decreased its strength and stiffness at

6 months. By contrast, Linder et al. [14] investigated the histological and bio-

mechanical properties of patellar tendons at 3 and 6 months after removal of their

medial third in a canine model and showed an increased cross-sectional area and

comparable strength compared to those of control tendons. Proctor et al. [15]

examined the mechanical, histological, and ultrastructural properties of the repair

tissue 21 months after removal of the central third of the patellar tendon in a goat

model and showed that the repair tissue exhibited inferior properties compared to

the control tissue. Tohyama et al. [16] and Maeda et al. [17] conducted detailed

biomechanical analyses of the regenerated tissue in the patellar tendon after

removal of its central portion in a rabbit model. They showed that the mechanical

properties of the regenerated tissue remained inferior to those of the normal control

tendon.
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In addition to the studies examining the healing process after graft harvest,

potential measures to enhance the tissue healing at the graft harvest site have also

been investigated in some animal studies. Karaoglu et al. [18] showed that implant-

ation of a bioscaffold (porcine small intestinal submucosa) at the defect could

induce improved tissue healing in a rabbit model. Atkinson et al. [19] used an

augmentation device (a nylon monofilament with a metal plate and clips) to fill the

defect in a rabbit model and showed better healing with less adhesion and fibrosis in

the augmented tendons.

19.2.1.2 Clinical Studies

There have been clinical studies that investigated the healing status at the graft

harvest site after removal of the central one third of the patellar tendon. In 1992,

Coupens et al. [2] conducted an MRI study for tissue regeneration after graft harvest

and showed gradual morphologic return to normal MRI appearances up to

18 months. Bemicker et al. [4] conducted a serial MRI evaluation of the regenerated

tissue after harvest. They reported that the width of the defect had reduced with time

up to 1 year after surgery, while complete closure of the defect was attained only in

two of the 12 patients. Kartus et al. [6] performed a serial MRI examination with a

mean follow-up period of 26 months and reported a gradual reduction in width and

an increase in thickness. The histological examination in that study showed a

significant increase in cellularity and vascularity as compared to normal control

tendons, and they concluded that the graft donor site did not regain normal

properties for at least up to 2 years.

There were some studies that the investigated long-term sequence of the tissue

healing at the donor site based on MRI results. Koseoglu et al. [9] compared the gap

width between patients with a short time interval (2–12 months) and those with a

long time interval (12–96 months). MRI evaluation at various postoperative time

periods revealed gradual gap filling with closure of the graft donor site observed for

6 of the 14 patients in the long time interval group. By contrast, Svensson et al. [10]

conducted serial MRI examinations up to 6 years after surgery and reported

persistent thinning of the central part of the graft harvest site up to 6 years after

surgery. Serial ultrasonographic imaging studies showed similar results to those of

MRI studies. Jävelä et al. [7] examined sonographic morphologic changes at the

graft harvest site 10 years after patellar tendon ACL reconstruction and reported

that normal sonographic appearance was observed in only three of the 31 patients.

Those imaging studies have shown that the gap at the graft harvest site is gradually

filled with time, while the regenerative tissue cannot regain the original properties

of a normal tendon.

Regarding the factors potentially influencing tissue healing at the graft harvest

site, closing the defect has not been shown to induce any clinical advantages over the

condition with the defect left open [20–22]. The effect of platelet-rich plasma (PRP)

on the healing at the graft donor site was investigated in three studies [23–25], and

those studies showed improved tissue healing in the PRP group compared to the

control group.
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19.2.2 Reharvest of the Regenerated Patellar Tendon
in Revision Reconstruction

Karns et al. [26] presented a case of a patient who underwent revision ACL

reconstruction using a reharvested central third patellar tendon. They reported the

microscopic appearance of the reharvested tendon with well-oriented collagen

fibers resembling a normal tendon. O’Shea et al. [27] reported satisfactory out-

comes for revision ACL reconstruction using a graft consisting of 7 to 8 mm of the

regenerated tendon and 2 to 3 mm of previously untouched tendon, while Kartus

et al. [28] found inferior clinical results for a revision reconstruction using the

reharvested patellar tendon compared to that with the use of the contralateral

patellar tendon graft. In addition, Linden et al. [29] reported unsatisfactory clinical

results after revision reconstruction using the reharvested graft with abnormal MRI

appearance at the harvest site even at 10 years after surgery.

19.3 Hamstring Tendon Graft

Tendon regeneration after hamstring tendon harvest was first reported by Cross

et al. in 1992 [30]. Since then, there have been a number of clinical studies that

examined the rate and status of tendon regeneration after hamstring autograft

harvest in ACL reconstruction. Those studies were recently summarized by

Suijkerbuijk et al. [31] and Papalia et al. [32].

19.3.1 Review of Previous Clinical Studies on Tendon
Regeneration

We carried out a literature search for articles published up to September 2015 using

the PubMed database. In addition, a hand search for relevant articles was also

performed. Consequently, 20 articles were selected for review. The design and

contents of those studies are summarized in Table 19.1.

19.3.1.1 Regeneration Rate

Cross et al. [30] first reported tendon regeneration following harvest for ACL

reconstruction in 1992. Subsequent to this paper, Eriksson et al. reported the results

of anMRI study showing regeneration of the semitendinosus (ST) tendonwith normal

topography to the level of the tibial plateau in eight of 11 patients [33]. There have

been a number of studies that examined tissue regeneration after graft harvest [30, 33–

52]; however, healing rates reported in those previous studies are variable. In the

majority of the studies, regeneration rates ranging from 70 to 100% were reported.
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In general, the regeneration rate was not different between the ST and the gracilis

(G) tendons (Figs. 19.1 and 19.2).When the regeneration rate was compared between

the short-term and long-term studies, no apparent difference (increased regeneration

rate with time course) was noted.

Fig. 19.1 Axial MRI images demonstrating tendon regeneration following graft harvest (ST:
semitendinosus tendon, G: gracilis tendon).
(a) Regenerated tendons on the MRI image at 2 years after surgery.

(b) Comparative MRI image on the contralateral nonoperated side

Fig. 19.2 Regeneration of the semitendinosus tendon (ST) observed during the revision recon-

structive procedure (at 8 months after the initial ACL reconstruction).

(a) The regenerated semitendinosus tendon (ST) adjacent to the gracilis tendon (G).

(b) The insertion of the regenerated tendon is scarred and adherent to the surrounding tissue

(white arrow)
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19.3.1.2 Morphologic Features of Regenerated Tendon

One of the morphologic changes observed for the regenerated tendon is alteration of

the distal tendon insertion. Although a high regeneration rate has been reported in

previous imaging studies, it has also been shown that anatomic tendon insertion at

the proximal tibia is not reestablished [38, 39, 45, 51]. Another change noted is the

proximal shift of the muscle-tendon junction with retraction of muscle belly [38, 41,

45–47, 49, 52]. These morphologic changes are thought to be associated with

functional deficit as manifested by a reduction of knee flexor strength.

19.3.1.3 Biological Observation of Regenerated Tendon

Eriksson et al. examined the histologic appearance of regenerated ST tendons in six

patients with the postoperative period ranging from 7 to 28 months after surgery

[53]. It was shown that the collagen fibers in the regenerated tissue were randomly

oriented in the specimen taken at 7 months, while well-oriented fibers were noted in

the patient examined at 27 months. Ferreti et al. [54] similarly reported a progressive

remodeling based on the histological examination of the specimens obtained at the

time of revision surgery. Okahashi et al. [42] conducted histological and immuno-

histochemical examinations for the biopsied samples at 1 year and reported that the

findings of the regenerated tendons closely resembled those of the control tendons.

Yoshiya et al. [55] examined the ultrastructure of the regenerated tendon taken at

8 months after surgery. The electron microscopic examination of the biopsied sample

revealed a smaller collagen fibril diameter compared to that in the control tendons.

Gill et al. [56] extensively examined the biological and biomechanical properties of

the regenerated tendon in a rabbit model. At 9 to 12 months after the tendon harvest,

regenerated tendons could be identified in 26 of the 35 knees (74%), and the

histological and immunohistochemical examinations of the regenerated tissue

showed normal tendon-like findings. However, the ultrastructural and biochemical

analyses revealed a smaller collagen fibril diameter and lower glycosaminoglycan

and collagen levels in the neo-tendon tissues.

19.3.2 Analysis of Factors That Potentially Influence Tendon
Regeneration

Nakamae et al. [49] conducted a comparative clinical study examining whether

postoperative immobilization up to 2weeks could induce better tendon regeneration.

A comparison was made between the groups with 3-day immobilization and

immobilization for a longer period (10 to 14 days). At 12 months after surgery,

tendon regeneration was observed in almost all cases (38 of the 39 knees), while no

significant differences in the regeneration rate and the morphologic features were

demonstrated between the groups. Murakami et al. [48] reported their technique of
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“inducer grafting” in which a branch of the ST graft toward the gastrocnemius

muscle was retained during the graft harvest and sutured to the pes anserinus.

They reported that this technique could successfully promote the hypertrophy of

the regenerated tendon.

19.3.3 Reharvest of the Regenerated Tendon in Revision
Reconstruction

Yoshiya et al. [55] reported a case of a patient who underwent revision ACL

reconstruction using a reharvested ST tendon combined with an initially untouched

G tendon. Stevanovic et al. [51] addressed the feasibility of regenerated tendon use

in revision reconstructive surgery and reported a case with medial patellofemoral

ligament reconstruction using the reharvested ST tendon. Considering the differ-

ence in tissue properties between the regenerated and the native tendons, however,

it is still recommended to be cautious about using the reharvested tendon alone for

revision surgeries.
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Chapter 20

Second-Look Arthroscopic Evaluation After
ACL Reconstruction

Atsuo Nakamae and Mitsuo Ochi

Abstract Second-look arthroscopy after ACL reconstruction is one of the most

reliable types of examination to provide valuable prognostic information on a graft

such as synovial coverage and damage of the graft. Second-look arthroscopy shows

that synovial coverage of the grafts differs substantially between cases and that

graft loosening or partial tear can occur even in clinically successful knees. Second-

look arthroscopy is also the most dependable procedure to evaluate the postoper-

ative status of meniscal repairs. Moreover, this examination is the most precise way

to determine the condition of the articular cartilage. Osteoarthritis is typically

diagnosed using radiography. However, by using arthroscopy, even minimal artic-

ular cartilage damage consistent with incipient osteoarthritis can be detected long

before the classic criteria of osteoarthritis are fulfilled. Arthroscopy demonstrates

that although proper ACL reconstruction is clearly important, meniscal repair

should be performed, where possible, to limit the progression of articular cartilage

damage. This chapter describes the procedure and advantages of second-look

arthroscopy and also reviews the literature on second-look arthroscopic findings

after ACL reconstruction.

Keywords Anterior cruciate ligament (ACL) • Augmentation technique • Second-

look arthroscopy • Knee • Cartilage injury

20.1 Advantages of Second-Look Arthroscopy

Second-look arthroscopy is one of the most reliable examination strategies after

knee surgery. After ACL reconstruction, second-look arthroscopy is useful in

providing valuable prognostic information on the graft, such as synovial coverage,
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tension, and damage of the graft, as well as on synovial coverage of the space

between the opening of the femoral bone tunnel and the graft [1–13]. This exam-

ination is also the most dependable procedure to evaluate the postoperative status of

meniscal repairs [14–19]. Moreover, second-look arthroscopy is the most precise

way to determine the condition of the articular cartilage [20, 21]. Osteoarthritis is

typically diagnosed using radiography. However, by using arthroscopy, even small

articular cartilage damage consistent with incipient osteoarthritis can be found long

before the classic criteria of osteoarthritis are fulfilled [22].

20.2 Evaluation of the Graft by Second-Look Arthroscopy

20.2.1 Procedure of Second-Look Arthroscopy

Arthroscopic intra-articular inspections are performed through lateral and medial

infrapatellar portals with a 30� oblique arthroscope. A thorough arthroscopic

probing is needed to assess the reconstructed ACL, meniscus and articular cartilage

precisely. For the arthroscopic evaluation of the graft, arthroscopic examination

should be performed in various knee flexion angles to ensure good visualization of

the graft and femoral bone tunnel. The status of the posterolateral bundle of the

ACL can be evaluated with the knee in a figure-of-4 position for good visualization

of the femoral attachment of the posterolateral bundle [23].

20.2.2 Tension and Damage of the Graft

To evaluate the tension of the graft, arthroscopic examination should be performed

with the knee in various angles of flexion to allow observation of the different

tension patterns of the fibers. Initial tension applied to the graft at the time of graft

fixation may influence the tension and damage of the graft at the time of second-

look arthroscopy. Position of the femoral bone tunnel may also influence the

tension pattern of the graft. Excessive tension to the graft at the time of primary

ACL reconstruction may cause abnormal knee kinematics, hinder flexion–exten-

sion, and lead to graft failure or articular cartilage degeneration [7]. Therefore,

evaluating graft tension and damage by second-look arthroscopy is meaningful not

only for patients but also for improvement of the surgical procedure.

In 2004, Toritsuka and Shino et al. [10] evaluated the tension and thickness of

the grafts by second-look arthroscopy after ACL reconstruction with multistranded

autogenous hamstring tendon grafts. The patients were all clinically evaluated as

experiencing successful outcomes. In their series, 96 knees were surgically treated

with the single-socket procedure, and the remaining 60 were treated with the

bi-socket procedure. As a result, 11% of the hamstring ACL grafts showed loose-

ness, and 34% had a partial tear in the clinically successful knees. No statistically
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significant difference was seen between the two surgical procedures in any of the

findings.

Otsubo and Shino et al. [9] performed second-look arthroscopic evaluation of the

transplanted graft after anatomic double-bundle ACL reconstruction, with emphasis

on graft tension and the presence of graft damage. An initial tension to the graft of

20–30 N was applied to each tensioning suture, based on the diameter of the graft.

The grafts were secured onto the tibia with two double-spike plates at 20� of knee
flexion. The authors reported that none of the anteromedial grafts showed rupture,

while 11% of the posterolateral grafts showed substantial damage around the

femoral tunnel aperture. Both the anteromedial and posterolateral grafts were

evaluated as lax in 9% of the knees. They concluded that their double-bundle

ACL reconstruction and postoperative regimen required improvement, in order to

achieve better postoperative graft morphology.

In response to the results of the above-cited study, Mae et al. [7] investigated the

clinical results and second-look arthroscopic findings after anatomic double-bundle

ACL reconstruction with a total of 20 N of low initial tension (10 N to each graft).

They reported that their ACL reconstruction yielded good clinical outcomes at

2 years postoperatively, and second-look arthroscopy showed that most grafts were

evaluated as being taut in tension and free of tear damage. They concluded that low

initial tension applied to grafts was enough to restore normal stability in ACL

reconstruction. This study is informative for the further development of ACL

reconstruction.

20.2.3 Synovial Coverage of the Grafts

The extent of synovial coverage over the grafts is also one of the most important

findings in second-look arthroscopic evaluation. Good synovial coverage over the

graft may accelerate cellular proliferation and revascularization of the grafted

tendon. In addition, good synovial coverage may improve proprioceptive function

of the knee after ACL reconstruction. It is accepted that the normal ACL is

extensively innervated by mechanoreceptors and has an important proprioceptive

role. Many mechanoreceptors in the synovia may play an important afferent role in

proprioception.

An augmentation technique for the treatment of ACL injury has recently

received attention from orthopedic surgeons, because preservation of the ACL

remnant may have several potential advantages. One of the proposed advantages

is preservation of the mechanoreceptors within the ACL remnant. We investigated

216 patients who underwent ACL reconstruction or augmentation to evaluate the

clinical outcomes and second-look arthroscopic findings of single-bundle ACL

augmentation in comparison with those of central anatomic single- or double-

bundle ACL reconstruction [1]. In 94 of the 216 patients, proprioceptive function

of the knees was evaluated using the threshold to detect passive motion test

(TTDPM) before and 12 months after surgery. Second-look arthroscopy showed
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significantly better synovial coverage of the graft in the augmentation group (good,

82%; fair, 14%; poor, 4%) [Fig. 20.1] than in the other groups. The mean side-to-

side difference measured with a KT-2000 arthrometer was 0.4 mm in the augmen-

tation group, 0.9 mm in the double-bundle group, and 1.3 mm in the single-bundle

group. Hence, the result differed significantly between the augmentation and single-

bundle groups. No significant difference in the Lysholm score or pivot-shift test was

seen between the three groups. In patients with good synovial coverage, three of the

four measurements used revealed significant improvement in proprioceptive func-

tion. In conclusion, patients in the ACL augmentation group exhibited better knee

stability than those in the standard single-bundle reconstruction group and better

synovial coverage of the graft upon second-look arthroscopy than those in the

standard single- and double-bundle reconstruction groups. Improvement in propri-

oceptive function was observed in patients with good synovial coverage of the

graft. Therefore, ACL augmentation may be a reasonable treatment option for

patients with favorable ACL remnants.

20.3 Evaluation of Articular Cartilage and Meniscus After
ACL Reconstruction by Second-Look Arthroscopy

20.3.1 Importance of Articular Cartilage in the Knee

It is well known that articular cartilage injury often occurs in conjunction with ACL

injury. Although the incidence of articular cartilage injury under arthroscopy varies

among the literature, the incidence of severe articular cartilage injury in acute ACL

tears is estimated to be between 16% and 46% [24]. Several studies support an

increasing incidence of cartilage injury with increasing time from injury [24].

Damage to the articular cartilage is typically described as the most important

predictor of poor clinical outcomes after ACL reconstruction. In addition, the damage

is also a significant predictor of failure to return to sporting activities following ACL

Fig. 20.1 Second-look arthroscopic view of the reconstructed anterior cruciate ligament. The

synovial coverage of the grafts was classified as follows: (a) good (synovial coverage of>80% of

the graft), (b) fair (50–80% coverage), and (c) poor (<50% coverage)
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reconstruction. Proper anatomic ACL reconstruction is of course important to obtain

normal knee stability and function. However, even when knee stability and function

have been achieved using anatomic ACL reconstruction, the long-term results of

successful ACL reconstruction are affected by the condition of the articular cartilage

[24, 25]. Shelbourne et al. [25] concluded that patients with articular cartilage

damage at the time of their ACL reconstruction had more subjective symptoms at

follow-up. Potter et al. [26] reported that each increase in the Outerbridge score for

the medial femoral condyle resulted in a 13-point decrease in the International Knee

Documentation Committee subjective knee score.

20.3.2 Classification of the Articular Cartilage Injury Under
Arthroscopy

The incidence of articular cartilage injury depends on the definition of cartilage

injury. Classification of cartilage lesions is important to evaluate the condition of

the articular cartilage. The International Cartilage Repair Society Classification

scale is one of the leading classification systems for cartilage lesions [27].

Grade 0 – Normal

Grade 1 – Nearly normal: Superficial lesions. Soft indentation (A) and/or superfi-

cial fissures and cracks (B)

Grade 2 – Abnormal: Lesions extending down to <50% of cartilage depth

Grade 3 – Severely abnormal: Cartilage defects extending down>50% of cartilage

depth (A) as well as down to the calcified layer (B) and down to, but not through,

the subchondral bone (C). Blisters are included in this Grade (D)

Grade 4 – Severely abnormal

The Outerbridge classification scale is another leading classification system for

cartilage lesions [28].

Grade 0 – Normal

Grade I – Cartilage with softening and swelling

Grade II – A partial-thickness defect with fissures on the surface that do not reach

subchondral bone or exceed 1.5 cm in diameter

Grade III – Fissuring to the level of subchondral bone in an area with a diameter

more than 1.5 cm.

Grade IV – Exposed subchondral bone

20.3.3 ACL Injury and Osteoarthritis

Osteoarthritis is a degenerative disease that affects the hyaline cartilage on the

articular surface. ACL injuries have been implicated in the progression of
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osteoarthritis of the knee. The incidence of osteoarthritis following an ACL injury

varies among the literature, ranging from 10 to 100% between 10 and 30 years

post-injury [22, 29–31]. In cases of osteoarthritis, both joint changes and symptoms

progress slowly over the years, and there is limited association between osteoar-

thritis changes on X-rays and symptoms. The joint changes in osteoarthritis in the

ACL-deficient knee are caused by multifactors, including presence of meniscal or

cartilage injury, age at time of injury, time from injury to reconstruction, changes in

gait mechanism, instability of the knee joint, certain work or leisure activities,

muscle weakness, and obesity [26, 30, 32]. Among the proposed mechanisms for

osteoarthritis after ACL injury, the condition of meniscus and articular cartilage at

the time of surgery is considered particularly important [25, 26].

20.3.4 ACL Reconstruction and Articular Cartilage Injury

ACL reconstruction is expected not only to restore knee stability but also to protect

the knee from further damage to articular cartilage and meniscus. A majority of

American orthopedic surgeons believed that ACL reconstruction reduced the rate of

osteoarthritis [33]. To date, however, no study has yet conclusively indicated that

conventional ACL reconstruction protects the knee from the development of

osteoarthritis [22, 34–41]. The reported prevalence of radiological osteoarthritis

after ACL reconstruction varies from 10 to 90%. Fithian et al. [36] tested their

treatment algorithm on patients with acute ACL tears. Early ACL reconstruction

with a patellar tendon autograft was recommended to high-risk patients and con-

servative care to low-risk patients. They found that there were more cases of

degenerative change on radiographs in the early reconstructed group and that

more additional meniscus surgeries were performed in the conservative manage-

ment group. This was backed up by a previous report, in 1994: “the literature does

not lend support to the efficacy of cruciate ligament repair or reconstruction in

retarding the progression of osteoarthritis after knee injury” [42].

Current ACL reconstruction is directed toward restoring the normal structure

and function of the knee. The normal ACL consists of two major functional

bundles: the anteromedial (AM) and the posterolateral (PL). Double-bundle ACL

reconstruction aims to reconstruct both the AM and PL bundles of the ACL. Interest

in double-bundle ACL reconstruction has increased over the last 10 years, because

several studies have shown that double-bundle ACL reconstruction can closely

mimic the structure and function of the native ACL [43–48]. Anatomic double-

bundle reconstruction may protect the knee from long-term joint damage. Second-

look arthroscopy is one of the most reliable examination methods for assessing

cartilage damage. Gong et al. [2] compared single- and double-bundle ACL recon-

struction in terms of the prevalence of cartilage damage using second-look arthro-

scopic evaluation. In this study, they excluded patients who had any meniscus or

cartilage injury. The authors concluded that chondral lesions were found postoper-

atively in both single- and double-bundle ACL reconstruction groups and also that
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double-bundle ACL reconstruction was more likely than single-bundle reconstruc-

tion to reduce patellofemoral cartilage damage.

However, several biomechanical studies have shown that central anatomic

single-bundle ACL reconstruction can also restore normal anterior translation for

simulated pivot shift or anterior tibial loading [49–51]. In this method, the openings

of the femoral and tibial bone tunnels are placed in the centers of their respective

ACL footprints. Therefore, when performing single-bundle ACL reconstruction,

orthopedic surgeons prefer central anatomic single-bundle reconstruction rather

than conventional nonanatomic single-bundle reconstruction. Song et al. [52] com-

pared anatomic single- and double-bundle ACL reconstruction in terms of the

prevalence of osteoarthritis and clinical outcomes with a minimum 4-year follow-

up. Although the authors did not use second-look arthroscopic evaluation, their

study showed that five patients (9.6%) in the double-bundle group and six patients

(10%) in the single-bundle group had more degenerative change on radiographs.

The authors concluded that double-bundle reconstruction was not more effective

than central anatomic single-bundle reconstruction in protecting against long-term

cartilage damage. We compared single-bundle ACL reconstruction, double-bundle

reconstruction, and the ACL augmentation procedure in terms of the prevalence of

cartilage damage, using second-look arthroscopic evaluation. This study also

suggested that the surgical technique used for ACL reconstruction did not signif-

icantly influence the progression of the cartilage damage (ongoing study).

20.3.5 Meniscus Injury and Articular Cartilage Injury

Normal meniscus of the knee is involved in load transmission, lubrication, and

nutrition of the articular cartilage. In addition, the menisci themselves are also

known to contribute to knee stability. Several long-term follow-up studies have

identified preoperative meniscal injury and meniscectomy as posing a high risk of

cartilage loss, and unacceptable long-term clinical results after meniscectomy have

been reported by many surgeons [22, 53, 54]. In a 10-year follow-up, Nakata

et al. [53] reported that radiographic degenerative changes were present in 87%

of knees that had undergone meniscectomy compared with 26% of knees with

intact menisci. Even partial meniscectomy for meniscus lesion has been linked to an

increased incidence of osteoarthritis [37, 55, 56]. A systematic review found the

patients with partial meniscectomy to be five times more likely to exhibit radio-

graphic osteoarthritis than those with intact menisci [57]. Nevertheless, a recent

study has reported that meniscectomy is performed two to three times more

frequently than meniscus repair during ACL reconstruction [58].

In cases of isolated meniscus lesion, there is a lack of evidence to support the

theory that repair of the meniscus prevents progression of osteoarthritis

[22, 59]. However, concomitant ACL reconstruction is usually described as one

of the most favorable factors of successful meniscal repair. Several studies [15, 60,

61] showed a high success rate of meniscal repair with concurrent ACL
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reconstruction. Well-repaired meniscus may provide protection against long-term

joint damage. In fact, some studies showed that patients with meniscectomy and

ACL reconstruction had more pain and degenerative change in the knee compared

with meniscal repair and ACL reconstruction, even though the procedure of ACL

reconstruction was a conventional method [54, 62, 63]. In 1991, Ferretti et al. [62]

found that ACL reconstruction had a chondroprotective effect in cases of knees

with ACL injuries without meniscal tear or meniscal repair but not in cases where

irreparable meniscal tears or meniscectomy occurred. Recently, Barenius et al. [54]

performed a randomized controlled trial to investigate the prevalence of radio-

graphic osteoarthritis after conventional ACL reconstruction and compared the

osteoarthritis prevalence between quadrupled semitendinosus tendon (65 cases)

and bone–patellar tendon–bone grafts (69 cases). They concluded that there was

no difference in the prevalence of osteoarthritis between the two surgical pro-

cedures and also that patients with a resected medial meniscus had an increased

risk of osteoarthritis of the medial compartment compared with patients with a

repaired medial meniscus. Brophy et al. [64] used arthroscopy to evaluate the

condition of articular cartilage at the time of ACL revision surgery. The authors

demonstrated that previous meniscal repair was associated with a lower incidence

of chondral changes in knees undergoing revision ACL reconstruction compared

with previous partial meniscectomy. Although their study included only cases of

ACL revision surgeries and the results may reflect underlying differences in the

knee at the time of prior surgery, they concluded that meniscal repair is preferable

when possible at the time of ACL reconstruction.

We also investigated the relationship between the progression of articular

cartilage damage and meniscal surgery (normal, repair, or partial meniscectomy)

in conjunction with anatomic ACL reconstruction, using second-look arthroscopy.

The results indicate that although partial meniscectomy was associated with pro-

gression of articular cartilage damage, meniscal repair was not associated with the

progression (ongoing study). Several studies reported that ACL reconstruction may

provide protection against later meniscus surgery [15, 22, 36, 65]. Although proper

anatomic ACL reconstruction is clearly important, meniscal repair should be

performed, where possible, to limit the progression of articular cartilage damage.
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Chapter 21

Bone Tunnel Changes After ACL

Reconstruction

Daisuke Araki, Takehiko Matsushita, and Ryosuke Kuroda

Abstract Femoral and tibial bone tunnel enlargement has been reported after

anterior cruciate ligament (ACL) reconstruction. Although the exact etiology of

bone tunnel enlargement after ACL reconstruction remains unknown, a complex

interplay between mechanical and biological factors has been proposed to explain

this phenomenon. The mechanical factors include motion of the graft within the

bone tunnel, fixation methods or devices, stress shielding of the graft, improper

graft placement, and rehabilitation protocols. The biological factors include the

infiltration of inflammatory cytokines or synovial fluid into the bone tunnel, the use

of allograft tissue, and the bioabsorbable fixation device. These factors are thought

to induce osteolysis and bone tunnel enlargement after ACL reconstruction. Several

studies reported that bone tunnel enlargement did not affect the clinical results;

however, enlarged bone tunnel often complicates revision ACL reconstruction.

This chapter describes the multiple causes of bone tunnel enlargement after ACL

reconstruction. Future research and improvement of surgical technique are aimed at

prevention of bone tunnel enlargement.

Keywords Anterior cruciate ligament • Bone tunnel enlargement • Tunnel

changes • Mechanical factor • Biological factor

21.1 Introduction

Anterior cruciate ligament (ACL) reconstruction has been the established surgical

technique for patients with anterior knee instability. As the number of ACL

reconstructions is increasing, femoral and tibial bone tunnel enlargement has

been increasingly reported after surgery over time [3]. Several studies investigated

bone tunnel enlargement using radiography (Fig. 21.1) [14, 28, 30, 52, 63], com-

puted tomography (CT) scans (Fig. 21.2) [3, 22, 24], and magnetic resonance

imaging (MRI) (Fig. 21.3) [27, 62]. Classically, bone tunnel enlargement was
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assessed in two-dimensional view measuring the tunnel diameter using anterior/

posterior and lateral views. However, recent studies demonstrated imaging in three-

dimensional view in order to evaluate this phenomenon more accurately [3].

The exact etiology of bone tunnel enlargement remains unknown. However,

many factors have been postulated to explain this phenomenon represented includ-

ing mechanical and biological factors [64]. The mechanical factors include motion

Fig. 21.1 The radiographic measurement method of bone tunnel width. Bone tunnel enlargements

were observed in two-dimensional plane. (a) Anterior/posterior view on single-bundle ACL

reconstruction. (b) Lateral view on single-bundle ACL reconstruction. (c) Anterior/posterior

view on double-bundle ACL reconstruction. (d) Lateral view on double-bundle ACL reconstruc-

tion (Figure from “Kawaguchi Y, Kondo E, Kitamura N, Kai S, Inoue M, Yasuda K (2011)

Comparisons of femoral tunnel enlargement in 169 patients between single-bundle and anatomic

double-bundle anterior cruciate ligament reconstructions with hamstring tendon grafts. Knee Surg

Sports Traumatol Arthrosc 19 (8):1249–1257”)

Fig. 21.2 The CT measurement method of bone tunnel width. (a) Axial view, (b) sagittal view

(Figure from “Iorio R, Vadala A, Argento G, Di Sanzo V, Ferretti A (2007) Bone tunnel

enlargement after ACL reconstruction using autologous hamstring tendons: a CT study. Int Orthop

31 (1):49–55”)
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of the graft within the bone tunnel, fixation methods or devices, stress shielding of

the graft, improper graft placement, and rehabilitation protocols. The biological

factors include infiltration of inflammatory cytokines or synovial fluid into the bone

tunnel, the use of allograft tissue, and bioabsorbable fixation device. These factors

are thought to induce osteolysis and bone tunnel enlargement after ACL

reconstruction.

Although many studies have examined bone tunnel enlargement after ACL

reconstruction, most of them reported no significant difference in clinical score

with respect to laxity of the graft or increased failure rates [1, 3, 7, 8, 11, 13, 15, 19,

48, 63, 68]. Even though bone tunnel enlargement does not affect the clinical

results, enlarged bone tunnel often complicates revision ACL reconstruction

[1, 3, 7, 11, 13, 15, 21, 26, 33, 34, 48, 57, 63]. In addition, enlarged bone tunnel

increases the risks of stress reactions, tibial plateau fracture, and tibial tunnel-

associated cysts. For these cases, bone grafting should be considered in patients

with severe bone tunnel enlargement in order to prevent future stress fracture, cyst

formation, or consistent pain. For the cases of ACL revision, enlarged femoral and

tibial bone tunnels interfere with the anatomical placement and size of the new bone

tunnel [64]. Tunnel enlargement in the revision cases poses a technically difficult

challenge with possible compromise of graft placement, fixation, and ultimately

graft healing within the tunnels. These factors have a significant effect on the final

outcome of the revision surgery. Therefore, bone tunnel grafting renders necessary

to provide proper placement and fixation of the revision graft.

In this chapter, the etiology of bone tunnel enlargement after ACL reconstruc-

tion will be described based on both mechanical and biological factors. Surgeons

Fig. 21.3 The MRI

measurement method of

bone tunnel width

(Figure from “Silva A,

Sampaio R, Pinto E (2010)

Femoral tunnel enlargement

after anatomic ACL

reconstruction: a biological

problem? Knee Surg Sports

Traumatol Arthrosc

18 (9):1189–1194”)
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should consider these factors in order to prevent bone tunnel enlargement and to

improve surgical techniques.

21.2 Mechanical Factors

21.2.1 Graft–Bone Tunnel Micromotion

The current standard technique of ACL reconstruction is to create bone tunnel for

the ACL graft placement. Although bone-patellar tendon–bone graft or hamstring

tendon graft is commonly used, reproducing the anatomical ACL attachment

morphology is difficult. Rodeo et al. reported in a cadaveric study that the graft–

tunnel motion was highest at the tunnel aperture and lowest at the distal end of the

tunnel within the femur, when using suspensory fixation [49]. When bone-patellar

tendon–bone graft is used and the bone plug is properly placed at the position of

articular aperture, direct bone-to-bone healing is expected. However, mimicking

the anatomical insertion site remains difficult, and a gap between the bone tunnel

and bone plug is produced. In addition, filling the bone tunnel aperture on the other

side is difficult. In contrast, hamstring tendon graft is usually fixed by the suspen-

sory fixation device, with the mismatch between bone tunnel and soft tissue graft

consequently producing a gap. The resulting gap between the bone tunnel and the

ACL graft may cause graft–bone tunnel micromotion. The predominant theory for

tunnel enlargement after ACL reconstruction has been motion at the graft–tunnel

interface [64]. Current graft substitutes and fixation techniques have been unable to

recreate the normal attachment sites of the ACL.

This phenomenon may induce the “windshield wiper effect” [47, 52] which is

caused by the sliding movement of the knee and the “bungee cord effect” [11, 20,

21] which is produced by the longitudinal movement of the graft. The windshield

wiper effect is the reported transverse motion of ACL graft in the articular tunnel

apertures, producing increased influx of synovial fluid into the bone tunnels [21]. In

contrast, the bungee cord effect is the longitudinal graft–tunnel motion within the

bone tunnels. These effects combined lead to bone tunnel enlargement. As a result,

tunnel enlargement continues to be seen with all types of grafts and fixation

methods [1, 11, 13, 15, 21, 26, 33, 48, 57, 58, 63].

Hamstring tendon autografts exhibit higher rates of bone tunnel enlargement

than bone-patellar tendon–bone autografts [11, 31, 33, 63]. Clatworthy

et al. compared the incidence of bone tunnel widening between bone-patellar

tendon–bone and hamstring tendon grafts [11]. They showed a significant increase

in tunnel widening both in the femur and in the tibia in the hamstring tendon group

at a minimum of 12 months after surgery. This study suggested that the bone-to-

bone interface might play an important role in decreasing micromotion of the graft

once incorporation occurs. L’Insalata et al. reported that mean percentage increases

in tunnel size were 30.2% for femoral tunnel and 25. 5% for tibial tunnel when

hamstring tendon autograft was used with the suspensory fixation device for the
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femur and with the post-screw fixation for the tibia [33]. These values were greater

when the bone-patellar tendon–bone graft was used. In addition, a statistically

significant difference with respect to tunnel enlargement was found in both the

femur and tibia. The authors concluded that the distant points of fixation for the

hamstring grafts created a larger force moment during graft cycling, potentially

leading to tunnel widening. Webster et al. also stated that bone tunnel widening

stabilized after the first few months, possibly indicating graft–tunnel incorporation

[63]. The longer time required for graft incorporation resulted in more time

available for graft–tunnel micromotion. Thus, Morgan et al. claimed that aperture

fixation of the femoral and tibial tunnels may prevent bone tunnel enlargement [40].

However, although rapid biologic bone-to-bone healing is expected using bone-

patellar tendon–bone graft with interference screw fixation, a small gap is still

produced between the bone plug and tunnel. Fink et al. and H€oher et al. reported
that synovial fluid may contribute to the bone tunnel enlargement through the gap

between the graft and bone tunnel and may delay bone graft incorporation

[15, 20]. Therefore, Wilson et al. claimed that the fixation of the graft was important

[64]. The recent technique of rectangular anatomic ACL reconstruction matches the

bone plug and tunnel aperture [53, 54] and may reduce bone tunnel enlargement, if

dead space around the graft is filled with a bone plug. Mutsuzaki et al. reported that

the calcium phosphate (CaP)-hybridized tendon graft improved anterior knee

stability and Lysholm scores at the 2-year follow-up and reduced the percentage

of bone tunnel enlargement in both tunnels at the 1-year follow-up compared with

the conventional method for single-bundle ACL reconstruction [43]. Zhai

et al. reported that the platelet-rich gel + deproteinized bone compound could

effectively trigger tendon–bone healing by promoting maturation and ossification

of the tendon–bone tissue and might improve tensile strength of the healing

interface and reduce bone tunnel enlargement [67]. This new technique may

enhance bone tunnel incorporation rapidly. Besides, Silva et al. compared the

enlargement of the femoral tunnels at their aperture and in the middle and found

that the enlargement was fusiform [56]. They concluded that biological factors

might affect bone tunnel enlargement more than the mechanical factors, although

response of tunnels to mechanical stress can be modified by the cortical bone at

their entrance. Further studies are needed to describe the effect of micromotion at

the articular bone tunnel aperture.

21.2.2 Graft Selection

ACL graft selection is also a factor for bone tunnel enlargement. Typically, bone-

patellar tendon–bone auto- and allografts, Achilles tendon allografts, and hamstring

tendon auto- and allografts are used for ACL graft [31, 38]. Wilson et al. claimed

that the proposed mechanism in the attainment of large tunnels may be quite

different for each graft source [64]. Among these grafts, hamstring tendon autograft

is used increasingly because of easy harvesting technique, less donor site morbidity,
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reduced pain, and easier rehabilitation [33]. However, hamstring autografts had

exhibited higher rates of tunnel enlargement than bone-patellar tendon–bone auto-

grafts in many previous studies [64]. One rationale is that more rapid bone-to-bone

integration is expected by using bone-patellar tendon–bone graft than by using

hamstring tendon graft [38]. Another rationale is that most of the fixation for the

hamstring tendon graft is performed by using a suspensory fixation device. Fujii

et al. demonstrated that the semitendinosus tendon graft shifted at the tunnel

aperture with graft bending using a simulated femoral bone tunnel [16]. The authors

reported that although the femoral tunnel was created in the center of the ACL

insertion site, the graft shifted within the tunnel in the direction of the tension

applied to the graft during knee movement. Therefore, a small gap between the graft

and bone tunnel must be produced when a suspensory fixation device is used. In

addition, distant fixation point from the joint line may lead to further graft elonga-

tion occurring with knee flexion and extension [20, 60]. Therefore, the “bungee

cord effect” and the “windshield wiper effect” induced bone tunnel enlargement

more than that induced by a bone-patellar tendon–bone graft, which is often fixed

by aperture fixation [63]. Clatworthy et al. compared the incidence of tunnel

widening between bone-patellar tendon–bone and hamstring grafts [11]. They

showed a significant increase in tunnel enlargement in both the femur and tibia in

the hamstring graft group at a minimum of 1 year after surgery. This study

suggested that the bone-to-bone interface might play an important role in decreas-

ing micromotion of the graft once incorporation occurs. Thus, for bone tunnel

enlargement, graft fixation method is closely related to graft selection.

21.2.3 Graft Fixation Method

As explained earlier, graft fixation methods strongly affect bone tunnel enlarge-

ment. In ACL reconstruction, several fixation devices, represented by cortical

suspensory fixation and aperture intra-tunnel fixation, are used for the femur and

tibia. Theoretically, each technique has several advantages. For suspensory fixation,

the femoral and tibial insertions of the ACL have been shown to cover the footprint,

which may be reproduced to a greater extent using suspensory fixation. In contrast,

as mentioned above, the “bungee cord effect” and the “windshield wiper effect”

allow the graft to move back and forth between the tunnel margins during knee

flexion and extension. Meanwhile, aperture fixation results in a shorter total length

of the graft construct, which increases stiffness of the knee, if the elastic modulus of

the graft is assumed to be constant over its length, due to mitigation of the “bungee

cord effect.” Lubowitz et al. compared ACL soft tissue allograft reconstruction

using suspensory versus aperture fixation [35]. They showed no significant differ-

ences in knee anterior-posterior stability or clinical outcomes comparing all-inside

ACL allograft reconstruction using aperture fixation to all-inside ACL allograft

reconstruction using suspensory fixation. However, Buelow et al. reported that the

immediately postoperative bone tunnel area was 75% larger than the initial tunnel
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area in hamstring graft fixation with bioabsorbable interference screws [8]. The

insertion of an interference screw apparently not only compresses the graft in the

tunnel but also leads to an enlargement of the bone tunnel itself. Therefore, the

compressive stiffness of the screw and graft is thought to be often greater than that

of the cancellous bone of the proximal tibial metaphysis leading to tunnel enlarge-

ment. Thus, compressive stiffness of the fixation device graft construct versus

cancellous bone may be an additional factor for tunnel enlargement.

Besides, the recent report by Saygi et al. investigated in different femoral

fixation devices, whether tight (undersize drilled) fit technique decreased the tunnel

widening and improved the clinical outcome compared to conventional technique

in ACL reconstruction using hamstring tendon autograft [50]. They concluded that

undersize drilling might be preferred in suspensory button fixation in order to

reduce tunnel enlargement. Therefore, the utilized surgical technique may reduce

bone tunnel enlargement.

21.2.4 Surgical Technique

Mechanical factors contributing to tunnel enlargement include the “windshield

wiper effect” of a graft within the tunnel wall and the graft–tunnel motion and

the “bungee cord effect,” which results from the elastic property of the graft

construct. These increased graft forces may be distributed at the tunnel entrances,

resulting in tunnel wall lysis. Segawa et al. reported that one of the main factors

associated with tunnel enlargement is the location of tunnels and the angle of the

femoral tunnel [51]. An acute femoral tunnel angle may increase the mechanical

stress on the anterior margin of the femoral tunnel. The “windshield wiper effect” of

the graft may be enhanced by the changing tension in the graft due to tunnel

malposition.

Furthermore, graft bending angle on the bone tunnel aperture strongly affects

stress distribution to the bone tunnel wall. Fujii et al. experiment examined soft

tissue graft shift at the tunnel aperture with graft bending using a simulated femoral

bone tunnel [16]. Their results revealed that during knee movement, the graft

shifted within the tunnel in the direction of the applied tension, enhancing stress

distribution to the bone tunnel wall. In order to reduce this stress distribution to the

wall, several investigators focused on the graft bending angle [44, 45]. Nishimoto

et al. compared the three-dimensional bending angle of the graft at the femoral

tunnel aperture in the transtibial and the transportal technique and suggested that

the use of the transportal technique might result in lower stress on the graft at the

femoral tunnel aperture [45]. Niki et al. assessed graft bending angle and three-

dimensional characteristics of femoral bone tunnels and compared them between

outside-in and transportal techniques. Their results claimed that surgeons should

create the femoral tunnel considering not only the anatomic positioning of the bone

tunnel aperture but also the bone tunnel direction and subsequent graft bending
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angle. These technical points should be taken into consideration to reduce stress

contribution to the bone tunnel aperture.

Besides, in order to enhance the pullout strength of ACL graft, bone tunnel

dilation technique using serial dilator was used [9, 12]. Whether bone tunnel

dilation enhances the pullout strength remains controversial [46]. However,

Maeda et al. investigated the time-course influence of dilation of the bone tunnel

wall in ligament reconstruction on the tissue around the bone tunnel and histolog-

ically examined the mechanism of preventing the complication of bone tunnel

enlargement, using rabbit tibia [36]. Their histological results suggested that the

dilation promoted callus formation in the bone tunnel wall and prevented the

complication of bone tunnel enlargement after ligament reconstruction. Therefore,

bone tunnel dilation technique may also prevent subsequent bone tunnel

enlargement.

21.2.5 Rehabilitation Protocol

Some authors claimed that aggressive rehabilitation protocols might promote

tunnel enlargement, especially in hamstring tendon graft [18, 42, 61, 66]. Since

Shelbourne started “accelerated rehabilitation” protocol in 1990, the incidences of

arthrofibrosis, loss of motion, and anterior knee pain were reported to significantly

reduce. Their postoperative rehabilitation protocol allows full weight bearing,

immediate unlimited range of motion, and strengthening exercises emphasizing

full extension of the knee just after surgery. Some authors investigated the rela-

tionship between postoperative rehabilitation protocol and bone tunnel enlarge-

ment. Murty et al. reported that immobilization for 2 weeks after surgery was

associated with an increased bone tunnel enlargement [42]. In contrast, Hantes

et al. and Yu et al. reported that a nonaggressive rehabilitation procedure resulted in

a lower increase in tunnel widening [18, 66]. They suggested that less aggressive

rehabilitation could reduce longitudinal micromotion of the graft in the early

postoperative days. Vadal�a et al. evaluated the effect of a brace-free rehabilitation

on the tunnel enlargement after ACL reconstruction using hamstring tendon grafts

[61]. They enrolled 45 consecutive patients undergoing ACL reconstruction who

were randomly assigned to enter the standard postoperative rehabilitation group or

the brace-free accelerated rehabilitation group. A CT scan was used to exactly

determine the diameters of both femoral and tibial tunnels at various levels of

lateral femoral condyle and proximal tibia. Their results suggested significantly

higher increase in femoral and tunnel diameters in the accelerated rehabilitation

group than in the standard rehabilitation group. These results may be attributed to

the accelerated rehabilitation protocol, influencing ligamentization after ACL

reconstruction. Thus, graft-to-tunnel healing could possibly be compromised by

motion occurring between these interfaces during cycling of the knee [5]. As a

result, graft–tunnel motion such as the “windshield wiper effect” or the “bungee

cord effect” may delay this process. However, how these accelerated rehabilitation
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protocols affect bone tunnel enlargement remains unclear. Many studies have

reported that tunnel enlargement is an early phenomenon occurring within 3 months

after ACL reconstruction. Further studies are needed to investigate the relationship

between accelerated rehabilitation and bone tunnel enlargement.

21.3 Biological Factors

21.3.1 Inflammatory Cytokines

Biological factors have been claimed to play an important role in the pathogenesis

of bone tunnel enlargement after ACL reconstruction. Cameron et al. showed that

the concentrations of inflammatory cytokines, such as tumor necrosis factor alpha

(TNF-α), interleukin (IL)-1β, and IL-6, are elevated in the synovial fluid both

immediately and several weeks after ACL injury [10]. These cytokines are released

by macrophages, act as intercellular messengers, and are synthesized during inflam-

matory or antigenic stimulation. In addition, they are known to stimulate osteoclas-

tic activity and contribute to bone resorption [23]. “Synovial bathing effect” has

been proposed that postulates synovial fluid leakage into the bone tunnel after ACL

reconstruction, exposing the bone to the inflammatory cytokines [15, 20, 33,

64]. This phenomenon was reported in total joint arthroplasty, where high levels

of macrophages and cytokines were induced around loose implants [4]. Berg

et al. examined intra-articular bone tunnel healing in a rabbit animal model after

ACL reconstruction [6]. They found that bone tunnel healing was slower and less

complete in the articular part of the tunnel than in the tunnel parts that were farther

from the synovial environment. Zysk et al. investigated the synovial fluid concen-

trations of TNF-α, IL-1β, and IL-6 immediately before and 7 days after ACL

reconstruction [69]. IL-6 levels increased significantly from the pre- to the postop-

erative measurements, while TNF-α concentrations were lower postoperatively.

IL-1β concentrations remained unchanged throughout the course of ACL surgery.

These data suggested that ACL reconstruction has a greater impact on IL-6 than on

TNF-α or IL-1β synovial fluid levels in the time period assessed.

Synovial fluid tracking along the graft–bone tunnel interface after ACL recon-

struction has been reported [11]. The bone tunnel is subsequently exposed to the

increased levels of cytokines within the synovial fluid, which induces osteolysis. In

normal synovial fluid, a high concentration of IL-1 receptor antagonist protein

exists, while other cytokines are present in lower levels. However, after ACL

injury, large increases of the IL family and TNF occur acutely. Associated injuries

such as bone bruises and meniscus tears may affect the cytokine profile. These

cytokines may decrease and stabilize over time or continue to be elevated

[10, 20]. Moreover, IL-1 receptor antagonist protein apparently becomes depleted

over time and is somewhat undetectable in chronic ACL situations [64]. Therefore,

aperture fixation and rapid graft–bone tunnel healing may prevent these biological

reactions along ACL graft and subsequent bone tunnel enlargement.
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21.3.2 Graft Type (Autograft Versus Allograft)

The tendon–bone healing process is generally divided into the following four

stages: (1) inflammation, (2) proliferation, (3) matrix synthesis, and (4) matrix

remodeling [17]. For ACL reconstruction, both autograft and allograft tendons

are widely used. Allograft can be easily used without any donor site morbidity.

Meanwhile, allograft tendons have the risk of a foreign-body immune response

compared to autograft tendons. Therefore, bone tunnel enlargement has been

reported in association with the use of allograft tissue for ACL reconstruction.

The incidence of tunnel enlargement with the use of allografts compared to

autografts was reported. Fahey et al. examined a radiography study comparing

patellar tendon autografts and patellar tendon allografts at 1-year follow-up

[13]. They showed significantly increased incidence of tunnel enlargement in the

allograft group than in the autograft group. Although they hypothesized that a

subclinical immune response caused the difference, their clinical outcomes were

not adversely affected. Linn et al. reported on fresh-frozen Achilles tendons without

a calcaneal bone block fixed using screws and washers on both the femur and tibia.

This study reported that most patients had evidence of tunnel enlargement; how-

ever, the grafts were clinically stable [34]. The recent study by Ge et al. compared

tendon–bone healing between autograft and allograft tendons after ACL recon-

struction using 3.0 T MRI [17]. They compared MRI scans of 18 patients with

autograft and 18 with allograft obtained at least 2 years after ACL reconstruction.

They found that the allograft tendons had inferior remodeling in the bone tunnel

compared to the autograft tendons. However, no significant difference was found

between the allograft group and autograft group for the femoral and tibial tunnel

aperture areas. The graft remodeling condition in the bone tunnel appeared to have

has no direct relationship with the bone tunnel area enlargement. They concluded

that the biomechanical effect of graft motion might have played a significant role in

the tunnel aperture for both the autograft and allograft group. Based on the

literature, further studies are needed to prove an increased risk of tunnel enlarge-

ment with allograft tissue as compared with autograft.

21.3.3 Bioabsorbable Interference Screw

Traditionally, ACL graft fixation method was often performed with metal interfer-

ence screws [32]. Although good fixation by metal interference screws has been

reported, there are concerns regarding the distortion on MRI evaluation as well as

the requirement for implant removal for revision surgery. To avoid these potential

problems, bioabsorbable screws have been proposed for graft fixation. However,

since Martinek et al. reported a case of osteolytic tibial bone tunnel enlargement in

association with pretibial cyst formation 8 months after ACL graft fixation with a

poly-D, -L-lactide interference screw [37], bioabsorbable interference screws in the
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graft incorporation area are postulated to cause a local inflammatory response that

induces cell necrosis and associated bone tunnel enlargement [21].

In contrast, Stähelin et al. examined six tibial biopsy specimens after ACL

reconstructions performed by using interference screws made of polylactic acid,

polyglycolic acid, or a polylactic acid–polyglycolic acid copolymer. They observed

the presence of foreign-body giant cells in only one case, with no clinical inflam-

matory reaction [59]. However, the recent study by Kim et al. compared an

autogenous bone plug and a bioabsorbable interference screw for tibial fixation

with respect to bone tunnel enlargement as assessed with MRI [29]. They found that

autogenous bone plugs reduced the tibial tunnel enlargement without inducing

instability compared with bioabsorbable interference screws. Therefore, the influ-

ence of bioabsorbable interference screw on bone tunnel enlargement remains

unclear. Further comparative studies are required.

21.3.4 New Biological Approach to Minimize Bone Tunnel
Enlargement

As described above, firm tendon–bone tunnel healing near the joint may prevent

bone tunnel enlargement after ACL reconstruction. Therefore, several researchers

have tried to improve tendon–bone healing using new biological approaches.

Mutsuzaki et al. examined the tendon–bone healing by hybridizing CaP with a

tendon graft using an alternating soaking process [43]. They applied this method to

human ACL reconstruction and compared the clinical results with those of con-

ventional single-bundle ACL reconstruction with hamstring tendon. The tendon

grafts were soaked in a calcium solution for 30 s and then soaked in a NaHPO4

solution for 30 s. They repeated this cycle ten times. They found that

CaP-hybridized tendon graft reduced the percentage of bone tunnel enlargement

in both tunnels at the 1-year follow-up compared with the conventional method for

single-bundle ACL reconstruction. Matsumoto et al. investigated an effect of

autologous ruptured ACL tissue on the maturation of bone–tendon integration in

ACL reconstruction using a canine model [39]. Twenty healthy adult beagle dogs

underwent bilateral ACL reconstruction using the ipsilateral flexor digitorum

superficialis tendon and were divided into two groups: right knee (a tissue-treated

group) and left knee (a control group). The tissue-treated group received autologous

ruptured ACL tissue, which was obtained 2 days after resection and sutured to the

tibial side of the graft. Histological, radiographic, and biomechanical assessments

were performed. In addition, immunohistochemical staining was performed to

assess angiogenesis and osteogenesis. Histological assessment and staining for

osteoblasts and endothelial cells at week 2 demonstrated early healing, inducing

endochondral ossification-like integration with enhanced angiogenesis and osteo-

genesis in the tissue-treated group’s grafts. Computed tomography at week

4 showed a significantly smaller tibial bone tunnel in the tissue-treated group.
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Furthermore, biomechanical testing of force during loading to ultimate failure at

week 4 demonstrated a significantly higher strength in the tissue-treated group.

They elucidated that transplantation of ACL-ruptured tissue, which was sutured to

the tibial side of the graft, contributed to early tendon–bone healing in a canine

model of ACL reconstruction. Therefore, ACL-ruptured tissue may have a thera-

peutic potential in promoting an appropriate environment for tendon-to-bone

healing in bone tunnels of ACL reconstruction. Jang et al. investigated whether

non-autologous transplantation of human umbilical cord blood-derived mesenchy-

mal stem cells (hUCB-MSCs) could be integrated safely at the bone–tendon

junction without immune rejection and whether it could enhance bone–tendon

healing effectively during ACL reconstruction in an animal model [25]. They

found enhanced tendon–bone tunnel healing through broad fibrocartilage formation

with higher histologic scores and decreased femoral and tibial tunnel enlargement

compared with the control group. Therefore, they indicated that non-autologous

transplantation of hUCB-MSCs had therapeutic potential in promoting tendon-to-

bone tunnel healing after ACL reconstruction.

In contrast, Vadal�a et al. tried to apply platelet-rich plasma (PRP) for reducing

femoral and tibial tunnel enlargement in patients after ACL reconstruction

[61]. They compared 20 patients after ACL reconstruction with PRP with 20 con-

trols. For the PRP group, 5 ml of PRP was added between the peripheral part of the

graft and the tunnel wall before passing the graft through the femoral tunnel. Next,

another 5 ml of semisolid PRP was added above the graft before it was pulled down

into the femoral tunnel. Similarly, on the tibial side, 5 ml of liquid and semisolid

PRP were added before fixing the graft with the metallic screw. However, no

significant differences were found in bone tunnel diameter between these two

groups. They concluded that the use of PRP did not seem to be effective in

preventing femoral and tibial tunnel enlargement in patients after ACL reconstruc-

tion with hamstrings.

The application of these techniques is quite new, and several new therapies of

regenerative medicine have been introduced. These new techniques may enhance

graft–bone tunnel healing and subsequently prevent bone tunnel enlargement.

However, further studies are definitely needed to prove the efficacy of these new

techniques for preventing bone tunnel enlargement.

21.4 Bone Tunnel Changes After Double-Bundle ACL

Reconstruction

Recently, on the basis of several biomechanical studies [41, 65], double-bundle

ACL reconstruction, which is designed to reproduce both the anteromedial bundle

(AMB) and the posterolateral bundle (PLB), became increasingly popular over the

past decade, because this procedure was able to more closely restore the rotational

stability compared with the conventional single-bundle technique [2]. Siebold
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et al. first investigated the amount of tibial and femoral bone tunnel enlargement

after double-bundle ACL reconstruction [55]. They found significant bone tunnel

enlargement for both tibial and femoral bone tunnels at a mean follow-up period of

1 year postoperatively on MRI. The mean enlargement was 43% for each individ-

ual tibial bone tunnel and 35% and 48% for the AMB and PLB femoral bone

tunnels, respectively. Järvela compared tunnel enlargement in patients with double-

bundle and single-bundle ACL reconstruction [27]. They showed that double-

bundle ACL reconstruction resulted in less tunnel enlargement in each tunnel on

the tibial side than the single-bundle technique. In addition, no tunnel communica-

tion was observed in the patients undergoing double-bundle ACL reconstruction.

Thus, even though bone tunnel enlargement is observed in double-bundle ACL

reconstruction, less tunnel enlargement was reported in double-bundle ACL recon-

struction than in single-bundle technique.

Most of the previous reports that evaluated bone tunnel enlargement were by

two-dimensional analysis, and no previous reports have assessed the direction of

bone tunnel volume change and that of the transposition after anatomic double-

bundle ACL reconstruction. Therefore, authors tried to extract the bone tunnel

region to compare site-specific (articular one-third and outer one-third) volume

changes and to assess the direction of transposition of the bone tunnel by the use of

three-dimensional multidetector-row computed tomography (MDCT) data

[3]. Eleven patients who underwent unilateral double-bundle ACL reconstruction

with hamstring tendon autografts were included, and MDCT scanning of their

knees was performed at 3 weeks and 1 year after surgery. The bone tunnel regions

were extracted from the MDCT images, and the longitudinal axis of each bone

tunnel was divided into three equal sections. The centroids of the outside and the

articular thirds were then extracted from the bone tunnel position. Changes in the

bone tunnel volume and the transposition of the articular third were calculated and

compared. At 1 year postoperatively, as compared with the 3-week postoperative

value (set at 100%), the femoral bone tunnel volume of the AMB and PLB changed

to 77.4� 15.3% and 102.3� 19.2% in the outside third and 122.3� 31.8% and

112.5� 34.4% in the articular third, respectively. The tibial bone tunnel volume of

the AMB and the PLB changed to 108.6� 28.7% and 105.4� 22.6% in the tibial

articular third and 54.9� 25.8% and 52.5� 26.9% in the outside third, respec-

tively. The femoral outside third of the AMB and the tibial outside third of both the

AMB and PLB were significantly reduced in bone tunnel volume. The centroid of

the femoral articular third of the AMB moved 13�, 1.1� 0.6 mm posterodistally,

and that of the PLB moved 35�, 0.8� 0.4 mm anterodistally. Furthermore, the

centroid of the tibial articular third of the AMB moved 14�, 2.0� 1.6 mm

posterolaterally, and that of the PLB moved 72�, 1.0� 1.3 mm posterolaterally.

Compared with 3 weeks postoperatively, the articular side outlets of the femoral

and tibial bone tunnels at 1 year postoperatively had enlarged slightly, but their

volume was maintained, and they had moved a little in the direction in which the

grafts were pulled (Fig. 21.4). From the result of this study, within ACL insertion

site, surgeons should consider the direction in which the bone tunnels move.
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Therefore, surgeons should consider this direction of bone tunnel change proposed

by the new three-dimensional analysis.

21.5 Summary

The exact etiology of bone tunnel enlargement after ACL reconstruction remains

unclear and seems to be multifactorial. As described above, a complex interplay

between mechanical and biological factors has been proposed to describe bone

tunnel enlargement. The mechanical factors identified include local stress depriva-

tion of the bone tunnels in the early postoperative period or excessive graft–tunnel

motion in the coronal or sagittal planes. The mechanical environment is affected by

the surgical technique such as graft position, graft tension, graft fixation, and

aggressive rehabilitation. The biologic factors involved may include synovial

fluid-derived cytokines and inflammatory mediators, the graft choice, and

bioabsorbable fixation devices. In addition, allograft-specific factors that may

contribute include the immune response to allograft and potential toxicity of

chemicals used during allograft processing.

A recent study by Weber et al. examined the predictive value of demographic

data and preoperative bone quality on functional outcome scores, manual and

instrumented laxity measurements, and changes in bone tunnel area over time

using logistic regression modeling [62]. They investigated 18 patients after ACL

reconstruction and found that younger age (<30 years), male sex, and time from

injury to ACL reconstruction (>1 year) may be potential risks for enlargement. To

Fig. 21.4 The direction of bone tunnel enlargement. The centroid of the bone tunnel in articular

sides moved in the direction that the grafts were pulled
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our knowledge, this study, despite its small sample size, is the first to predict the

effect of demographic factors on bone tunnel enlargement. Further studies are

required to examine the relationship between younger age, male sex, and time

from injury to ACL reconstruction as potential risk factors for postoperative bone

tunnel enlargement.

The etiology of tunnel widening remains unknown, but is most likely multifac-

torial. Concluding from the several studies on bone tunnel enlargement and aperture

fixation in the femoral and tibial tunnels may decrease tunnel enlargement. Auto-

grafts may cause less tunnel enlargement than allografts due to a proposed cellular

reaction to allograft tissue. Postoperative rehabilitation methods need to allow for

sufficient graft incorporation. Tunnel placement may affect the direction of bone

Fig. 21.5 Two-staged surgery case with bone grafting of the tunnels. Twenty-seven years old

female. Preoperative CT images; (a) axial view and (b) sagittal view. Postoperative CT images

(after autologous bone grafting); (c) axial view and (d) sagittal view
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tunnel enlargement. Although bone tunnel enlargement does not appear to

adversely affect clinical outcome in the short term, the long-term relationship

with potential knee laxity or increased traumatic failure rate is unknown. However,

tunnel enlargement may definitely complicate revision surgery. In addition, the

results of revision surgery show increased laxity compared to primary surgery.

Large tunnels create complications for graft fixation and graft placement. Patients

with large bone tunnel enlargement may need a two-staged surgery with bone

grafting of the tunnels followed by delayed ACL reconstruction (Fig. 21.5). There-

fore, it is important to prevent bone tunnel enlargement after ACL reconstruction.

The surgeon must consider these potential causes of bone tunnel enlargement and

attempt to minimize these risks. Techniques that enhance graft fixation or avoid

mechanical stress should be developed, and further research should be pursued

aiming at the prevention of bone tunnel enlargement after ACL reconstruction.
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Chapter 22

Graft Impingement

Hideyuki Koga and Takeshi Muneta

Abstract When performing anterior cruciate ligament (ACL) reconstruction, graft

impingement is one of the major concerns surgeons have to take into account. When

the reconstructed graft was placed in a wrong position, it would be impinged to

surrounding structures such as the intercondylar roof of the femur and posterior

cruciate ligament (PCL) during knee range of motion. It has been reported that graft

impingement could cause anterior knee pain and loss of knee range of motion. In

addition, continuous graft impingement could lead to graft failure, resulting in

residual knee instability. Therefore, avoiding graft impingement during ACL

reconstruction is critical for successful clinical results. In traditional nonanatomic

single-bundle ACL reconstruction where femoral tunnel was placed “high noon,”

posterior tibial tunnel placement and notchplasty had been recommended to avoid

graft impingement. The recent strategy of anatomic ACL reconstruction reduced

the risk of graft impingement. Anatomic double-bundle ACL reconstruction with-

out notchplasty did not increase the incidence of loss of extension and graft failure;

rather notchplasty likely caused over-constrained knees. Therefore, except in cases

with spur formation on the intercondylar notch or narrow notch, routine notchplasty

is not recommended in anatomic double-bundle ACL reconstruction.

Keywords Anterior cruciate ligament reconstruction • Graft impingement •

Notchplasty

22.1 Introduction

When performing anterior cruciate ligament (ACL) reconstruction, graft impinge-

ment is one of the major concerns surgeons have to take into account. When the

reconstructed graft was placed in a wrong position, it would be impinged to

surrounding structures such as the intercondylar roof of the femur and posterior

cruciate ligament (PCL) during knee range of motion. It has been reported that graft
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impingement could cause anterior knee pain and loss of knee range of motion. In

addition, continuous graft impingement could lead to graft failure, resulting in

residual knee instability [1, 2]. Therefore, avoiding graft impingement during

ACL reconstruction is critical for successful clinical results.

ACL reconstruction was performed as a single-bundle reconstruction until the

1990s [3], and in the traditional transtibial technique, the femoral tunnel was made at

the isometric point on the lateral wall of the intercondylar notch, which was placed at

a higher position than the anatomic ACL footprint on the femur [4]. In this isometric

“nonanatomic” technique, anterior placement of the tibial tunnel causes intercondylar

roof impingement of the ACL graft; therefore, posterior tibial tunnel placement and

notchplasty had been recommended to avoid graft impingement [1, 2, 5, 6]. However,

normal restoration of the knee kinematics and stability would be impaired in the

nonanatomic single-bundle technique with such a “vertical graft placement” [7].

Recently, the strategy of ACL reconstruction has been shifting toward anatomic

reconstruction, in which the ACL graft is placed within the native ACL footprint at

both the femoral and tibial sides. It has been reported that anatomic femoral tunnels

are located more posterior to the traditional position [8], and making the femoral

tunnels accurately in the femoral ACL foot print would prevent the intercondylar

roof impingement [9]. With regard to the tibial tunnels, the tibial tunnel of the

anteromedial bundle (AMB) in the anatomic reconstruction is placed more anterior

to the tibial tunnel in the traditional transtibial single-bundle technique [10]. It is

also reported that native ACL made contact with the intercondylar roof in hyper-

extension of the knee [11]; it may be that anatomic ACL causes physiologic roof

impingement [12, 13].

In this chapter, significances of graft impingement are described both in

nonanatomic single-bundle reconstruction and anatomic reconstruction.

22.2 Graft Impingement in Nonanatomic Single-Bundle

Reconstruction

As mentioned, in traditional single-bundle reconstruction using the transtibial

technique, the femoral tunnel was made at the isometric point on the lateral wall

of the intercondylar notch. This “traditional” femoral tunnel position was higher

and more anterior to the anatomic ACL footprint; therefore, various types of ACL

graft impingement have been reported in this technique.

22.2.1 Intercondylar Roof Impingement in Nonanatomic
Single-Bundle Reconstruction

Intercondylar roof impingement has been reported most commonly among the

various types of ACL graft impingement. Roof impingement occurs when an

ACL graft contacts the intercondylar roof before the knee reaches terminal
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extension [10]. In the early 1990s, Howell et al. reported several studies regarding

intercondylar roof impingement [1, 2, 5, 6, 14]. They showed that, in the isometric

single-bundle reconstruction technique, tibial tunnel placement was correlated with

roof impingement pressure on the ACL graft, and anterior placement of the tibial

tunnel induced roof impingement. The graft impingement could cause anterior knee

pain and loss of knee range of motion (loss of extension), and eventually, contin-

uous graft impingement could lead to graft failure, resulting in residual knee

instability. Their conclusion from those studies was that posterior tibial tunnel

placement and notchplasty were necessary to avoid roof impingement (Figs. 22.1

and 22.2).

Fig. 22.1 A case with residual instability after nonanatomic single-bundle ACL reconstruction,

without graft tear by obvious reinjury. (a, b) Femoral tunnel position (a, white arrow) and tibial

tunnel position (b, black arrow) in three-dimensional computed tomography. (c) Magnetic reso-

nance imaging (sagittal view). The femoral tunnel was made at the “high noon” position on the

lateral wall of the intercondylar notch. Tibial tunnel was placed posteriorly to avoid graft

impingement. However, normal restoration of the knee kinematics and stability would be impaired

with such a “vertical graft placement”
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22.2.2 Notchplasty in Nonanatomic Single-Bundle
Reconstruction

Therefore, notchplasty had been widely performed in nonanatomic single-bundle

reconstruction, in order to avoid roof impingement (Fig. 22.2). Another concept of

notchplasty was that because narrow intercondylar notch dimensions have been

reported to be associated with the risk of noncontact ACL injuries [15–17]; this

anatomic variation needed to be corrected by notchplasty to maximize the success

rate of the reconstruction surgery. It has been reported that roof impingement

pressure decreased after a 3-mm notchplasty [18]. It has also been reported, in an

in vivo rabbit study, that notchplasty increases the cross-sectional area of the

regenerated ACL [19], suggesting that providing space for graft healing by

notchplasty might improve the healing process, although the mechanical strength

of the reconstructed ACL with notchplasty was identical to that without

notchplasty.

However, it has been warned that notchplasty has a potentially harmful effect on

the patellar articular cartilage, because of the contact area of the intercondylar

cartilage of the femur [20]. Aggressive notchplasty had detrimental effects on the

histopathological characteristics of articular cartilage consistent with early degen-

erative disease [19, 21], whereas the minimum extent of notchplasty had no harmful

effect [19]. Moreover, notch regrowth after notchplasty is not uncommon, which

could potentially result in late graft demise in the ACL-reconstructed knee [21, 22].

22.2.3 PCL Impingement in Nonanatomic Single-Bundle
Reconstruction

ACL graft-PCL impingement was first hypothesized by Strobel et al.[23], who

reported a case of extension loss after ACL reconstruction in which the graft was

Fig. 22.2 (a) Scheme of notchplasty. Notchplasty is performed by removing a certain amount of

the roof and lateral femoral wall to avoid graft impingement. (b) Arthroscopic view of notchplasty

(yellow arrows) from the anterolateral portal
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placed on the femoral site in the “high noon” position. Simmons et al. also reported

in the cadaveric study that high graft tension in flexion might be caused by PCL

impingement, which resulted from placing the femoral tunnel medially at the apex

of the notch in the coronal plane [24]. Fujimoto et al. first detected ACL graft

impingement against PCL in nonanatomic single-bundle reconstruction using MRI

and reported that ACL grafts with positive PCL impingement were more vertical

than those with negative PCL impingement, and PCL impingement affected

anteroposterior knee stability [25]. Iriuchishima et al. also reported that in

nonanatomic reconstruction, high femoral tunnel position made it closer to the

femoral PCL insertion site, leading to high ACL-PCL impingement pressure [26].

22.3 Graft Impingement in Anatomic Reconstruction

As mentioned above, posterior tibial tunnel placement and notchplasty had been

recommended to avoid graft impingement [1, 2, 5, 6]. However, normal restoration

of the knee kinematics and stability would be impaired in the traditional

nonanatomic single-bundle technique with such a “vertical graft placement”

[7]. Therefore, the strategy of ACL reconstruction has been shifting toward ana-

tomic reconstruction in the past 10 years, in which the ACL graft is placed within

the native ACL footprint at both the femoral and tibial sides (Fig. 22.3). This also

has changed the concept of graft impingement.

22.3.1 Intercondylar Roof Impingement in Anatomic
Reconstruction

It has been reported that in anatomic reconstruction, femoral tunnels are located

more posterior to the traditional position [8], and making the femoral tunnels

accurately in the femoral ACL footprint would prevent the intercondylar roof

impingement [9]. Maak et al. reported in their cadaveric study that in single-

bundle reconstruction with the tibial tunnel created at the AMB footprint, the risk

of roof impingement was higher when the femoral tunnel was created at the AMB

footprint compared to the center of the ACL footprint [27]. Iriuchishima

et al. reported that there was no difference in roof impingement pressure between

native ACL and the ACL graft after anatomic double-bundle reconstruction

[10]. They also showed in a clinical study using MRI that no positive graft-roof

impingement was observed after anatomic double-bundle reconstruction

[12]. Based on these results, it is likely that as long as the ACL graft is accurately

positioned in the native femoral ACL footprint, the risk of roof impingement would

be reduced.

When it comes to the tibial tunnel position, the risk of roof impingement might

be higher in anatomic reconstruction, as the tibial tunnel of the AMB in anatomic
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reconstruction is placed more anterior to the tibial tunnel in the traditional

transtibial single-bundle technique [10]. Bedi et al. evaluated the effect of tibial

tunnel position on restoration of knee kinematics and stability after ACL recon-

struction and showed that the anterior placement of the tibial tunnel resulted in

significantly reduced anterior tibial translation compared with the posterior place-

ment of the tibial tunnel [7]. On the other hand, Matsubara et al. reported in a MRI

simulation study that roof impingement was observed in hyperextended knees

greater than 10� after anatomic double-bundle reconstruction [28]. It is reported

that native ACL made contact with the intercondylar roof in hyperextension of the

knee [11, 28]; it may be that anatomic ACL causes physiologic roof impingement

[12, 13]. Hatayama et al. reported that anterior placement of the tibial tunnel led to

better anterior knee stability and did not increase the incidence of loss of extension

and graft failure in anatomic double-bundle reconstruction [29]. However, it still

remained unclear whether the physiologic roof impingement is tolerated or how

much impingement is tolerated after anatomic double-bundle reconstruction.

Fig. 22.3 A representative case after anatomic double-bundle ACL reconstruction. (a, b) Femoral

tunnel positions (a) and tibial tunnel positions (b) in three-dimensional computed tomography. (c)

Magnetic resonance imaging (sagittal view). Both femoral and tibial tunnels were created within

native ACL footprints
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22.3.2 Effect of Notchplasty in Anatomic Reconstruction

Therefore, the effects of notchplasty on the clinical outcome after anatomic double-

bundle ACL reconstruction were evaluated in a cohort study [30]. One hundred and

thirty-seven patients who underwent anatomic double-bundle ACL reconstruction

were included in this study. Seventy-three patients without notchplasty were clas-

sified as the control group, and 64 patients with two-millimeter notchplasty were

classified as the notchplasty group. The following evaluation methods were used:

loss of extension, patient’s subjective feeling of limited extension and pain at

passive full extension, muscle strength, manual laxity tests, KT-1000 measurement,

patellofemoral joint findings, Tegner score, Lysholm score, subjective scores, and

time to return to sports. Tear of the reconstructed ACL and additional synovectomy

was recorded. Both tibial and femoral tunnel positions were also measured using

two-view radiographs, a Rosenberg view, and a lateral view.

Loss of extension and the number of cases with feeling of limited extension were

larger in the notchplasty group. Six cases required additional synovectomy because

of the prolonged loss of extension in the notchplasty group, whereas no case

required additional synovectomy in the control group. There were no differences

regarding muscle strength, patellofemoral findings, Lysholm score, Tegner score,

subjective scores, and time to return to sports. KT measurement was better in the

notchplasty group (1.2 mm vs. 0.4 mm, p¼ 0.002). However, six cases showed

over-constrained knees (KT measurement��2 mm) in the notchplasty group,

whereas only one case did in the control group. There were no differences in

other manual laxity tests. There were no differences in the tunnel positions.

It was unexpected that loss of extension, as well as the number of cases with

subjective feeling of limited extension, was significantly larger in the notchplasty

group, as notchplasty is supposed to avoid intercondylar roof impingement of the

ACL graft, which is the cause of loss of extension. However, it has been reported

that regrowth after notchplasty is not uncommon [21, 22]. Moreover, six cases

required additional arthroscopic synovectomy because of the prolonged loss of

extension, supposedly caused by the fibrosis of the infrapatellar fat pad, in the

notchplasty group (Fig. 22.4). These results suggest that bleeding from the

notchplasty site caused the fibrosis of the infrapatellar fat pad, resulting in loss of

extension in some cases. On the other hand, it seems that tibial tunnel placement

allowing physiologic roof impingement did not increase the incidence of loss of

extension without notchplasty.

The result of KT measurement was significantly better in the notchplasty group.

However, it seems to be due to the fact that there were more cases with over-

constrained knees in the notchplasty group, probably caused by the same reason as

larger loss of extension in the notchplasty group. Rather, there was no case with

graft failure in the control group, and there were no differences in other manual

laxity tests. Therefore, the results regarding knee stability in the current study

should be interpreted with caution.
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The conclusions of this study are that, in anatomic double-bundle ACL recon-

struction, anterior stability was improved and there were no harmful effects on

patellofemoral joint findings by 2-mm notchplasty; however, notchplasty likely

caused over-constrained knees, leading to a need for additional synovectomy in

some cases. On the other hand, anatomic double-bundle ACL reconstruction with-

out notchplasty did not increase the incidence of loss of extension and graft failure.

Therefore, except in cases with spur formation on the intercondylar notch or narrow

notch, routine notchplasty is not recommended in anatomic double-bundle ACL

reconstruction.

22.3.3 PCL Impingement in Anatomic Reconstruction

As already mentioned, vertical graft placement by high femoral tunnel position

increased the risk of ACL-PCL impingement in nonanatomic single-bundle recon-

struction. On the other hand, in anatomic reconstruction where the grafts were

placed more laterally, the risk of PCL impingement would be lower. Simmons

et al. reported in the cadaveric study that in single-bundle reconstruction, lateral

femoral tunnel placement lowered ACL graft tension caused by PCL impingement

[24]. Iriuchishima et al. also reported that there were no significant differences in

the PCL impingement pressure between anatomic single-bundle reconstruction and

native ACL [26].

The advantage of double-bundle reconstruction over single-bundle reconstruc-

tion in PCL impingement should also be noted. Fujimoto et al. described that a

normal oblique ACL axial MR image was not round but spindle shaped, whereas

Fig. 22.4 A case that required additional synovectomy because of the prolonged loss of extension

after anatomic double-bundle ACL reconstruction with notchplasty. (a) MRI (sagittal view) taken
3 months after surgery showed fibrosis of the infrapatellar fat pad (white arrow) adhered to the

reconstructed ACL. (b) Arthroscopic view from the anterolateral portal. Fibrosis of the

infrapatellar fat pad (yellow arrow) adhered to the reconstructed ACL
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most single-bundle reconstructed ACL grafts were rounder and wider than the

normal ACL, which might be one reason for the PCL impingement. They suggested

that double-bundle reconstruction might resolve this morphological problem

[25]. Iriuchishima et al. also reported that anatomic double-bundle reconstruction

showed no ACL-PCL impingement [10].

22.4 Summary

In nonanatomic single-bundle ACL reconstruction where the femoral tunnel was

placed “high noon,” posterior tibial tunnel placement and notchplasty had been

recommended to avoid graft impingement. The recent strategy of anatomic ACL

reconstruction reduces the risk of graft impingement. Anatomic double-bundle

ACL reconstruction without notchplasty did not increase the incidence of loss of

extension and graft failure; rather notchplasty likely caused over-constrained knees.

Therefore, except in cases with spur formation on the intercondylar notch or narrow

notch, routine notchplasty is not recommended in anatomic double-bundle ACL

reconstruction.
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Chapter 23

Fixation Procedure

Akio Eguchi

Abstract The fixation of the graft in anterior cruciate ligament (ACL) reconstruc-

tion is considered as the factor most influential on its mechanical property at the

timing before the graft is fixed biologically within the bone tunnel especially

immediately after surgery. Nowadays, various fixation devices are available for

the soft tissue graft and the bone-patella tendon-bone graft, and there are many

studies that compared them. Despite biomechanical differences, clinical results

seem to be acceptable with most fixation procedures. The best fixation method

has not yet been defined. We summarized the mechanisms of the ACL graft fixation

procedures and the main properties of the ACL graft fixation devices.

Keywords Anterior cruciate ligament • Reconstruction • Graft • Fixation

23.1 Introduction

Anterior cruciate ligament (ACL) reconstruction surgery is one of the most

advanced procedures in the field of sports medicine. Given, however, that the key

to success of ACL reconstruction surgery depends on several elements such as

mechanical property of each graft, remodeling process, the position of the bone

tunnel, the complicated damage in the meniscus or cartilage, and postoperative

rehabilitation, it still remains unclear and unpredictable. Above all, the fixation of

the graft is considered as the factor most influential on its mechanical property at

the time before the graft is fixed biologically within the bone tunnel especially

immediately after surgery. In this context, with the increasing needs for the

introduction of an accelerated rehabilitation program and for early functional

recovery, a secure mechanical fixation of the graft is required especially at a time

immediately after surgery [1]. For graft in ACL reconstruction surgery, however,

there are several fixation devices such as cortical suspension devices, transfixation

A. Eguchi, M.D., Ph.D. (*)

Department of Orthopaedic Surgery, Matsuyama Red Cross Hospital, 1 Bunkyo-cho,

Matsuyama, Ehime 790-8524, Japan

e-mail: eguchi.ak@matsuyama.jrc.or.jp

© Springer Japan 2016

M. Ochi et al. (eds.), ACL Injury and Its Treatment,
DOI 10.1007/978-4-431-55858-3_23

279

mailto:eguchi.ak@matsuyama.jrc.or.jp


devices, interference screws, staple, and buttons, resulting in no clear consensus yet

as to which one is most appropriate [2].

In 1984, Noyes et al. [3] conducted a high strain-rate failure test to experiment

the strength and the elongation property of various ligament grafts and compared

the results with the normal ACL mechanical property of young adults. They

reported that the structural property of the bone-patellar tendon-bone (BPTB)

graft was superior to the soft tissue graft such as a single hamstring tendon, multiple

hamstring tendons, or iliotibial band. They also provided the estimation of the

in vivo loading on ACL during normal activity (mean: 454 N). In 1987, Kurosaka

et al. [4] conducted a biomechanical study to investigate the fixation method of

ACL graft. They described the better mechanical strength of the BPTB graft fixed

with titanium interference screws than staples or sutures tied over buttons, and on

the other hand, they concluded that the fixation site was the weakest link of ACL

reconstruction. Later, Hamner et al. [5] reported that compound graft made of

twofold semitendinosus tendon and the gracilis tendon that were fixed by adding

tension equally was superior to the previously reported BPTB graft in strength and

stiffness. Nowadays, various fixation devices are available for the soft tissue graft

and the BPTB graft, and there are many studies that compared them [6–9]. Some

studies experimentally found a significant difference using various fixation

methods, all of which reported excellent clinical results [10–13]. In recent years,

therefore, the area of interest has shifted from the fixation method of the ACL graft

to the anatomical reconstruction and the appropriate tunnel placement, which

account for most of the factors that contribute to the poor results of ACL

reconstruction.

23.2 Graft Fixation Mechanisms

The major factors of the fixation of the graft are strength and stiffness. For fixation

of the graft to the bone, the following elements are required: (1) enough strength to

prevent failure, (2) stiffness to restore load displacement response and allow

biological incorporation of the graft into the bone tunnels, and (3) secure enough

to resist slippage or stretch under cyclic loading [14]. The factors that define the

magnitude and the direction of the graft include the graft selection (soft tissue or

BPTB graft), the design of the fixation device, and the bone mineral density (BMD).

ACL fixation method can be categorized into two types regardless of the kinds of

the graft. One is the fixation at the opening of the bone tunnel or within the bone

tunnel (e.g., interference screws or cross pins), and the other is the extra-articular

fixation (e.g., cortical fixation device or staples). Some fixation devices can be used

regardless of the graft being the soft tissue or the BPTB. Biomechanical examina-

tions are being carried out for the ideal fixation method of the graft. The strength

and stiffness of the fixation method that are close to those of a human normal

anterior cruciate ligament are required. In many cases, actually, the threshold of the

physiological load is over 450 N proposed by Noyes et al.
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Biomechanical examination is usually performed using an animal model (por-

cine or bovine knee) in vitro or ex vivo or a human cadaver. Usually, two types of

biomechanical examinations, i.e., the single cycle load-to-failure test and the cyclic

loading test, are carried out as the test of the mechanical behavior regarding the

graft fixation method of ACL reconstruction [15]. The load-to-failure test to

examine the ultimate failure load, yield load, linear stiffness, and displacement at

failure can measure the structural properties of the bone-graft-fixation device

complex. The benefit of these kinds of tests is to be able to discern the weaknesses

of the method of fixation of the graft, i.e., the state/site of destruction and the upper

limit of the strength. The cycle loading test can evaluate the quality of the bone-

graft-fixation device complex against elongation and projection under the maxi-

mum load repeated over time [16]. It is actually very difficult to simply compare the

mechanical properties of various fixation devices. One of the reasons is that using

study models and mechanical tests that are different with each other makes the

comparison among them difficult. In addition, it is usually difficult to conduct a

study using human cadaveric specimens of younger generations for whom ACL

reconstruction is generally performed, and instead, studies using specimens of elder

donors are being conducted. Under the circumstances, the strength of the fixation

devices is underestimated and presented as it is [17]. Moreover, animal models such

as porcine bones are still used for a study of ACL graft fixation method, though they

are described as inappropriate for these study purposes [18]. Lastly, in an in vivo

biomechanical study, parameters such as ultimate failure load, yield point, breakage

state, stiffness, and quantity of displacement at time zero point are evaluated. When

the weakness of the strength shifts from the ACL graft fixation-bone tunnel

interface to the intra-articular part of ACL graft during the course of biologic

adherence of the ACL graft, little information is provided regarding as to how

much those parameters would shift [19].

23.3 Graft Selection

Soft tissue grafts that are most commonly used among autologous tendon graft are

the semitendinosus tendon and the gracilis tendon. Biological fixation between the

soft tissue graft and the bone tunnel is generally considered to take longer than that

of the BPTB graft. It starts within 4–12 weeks after surgery in an animal experiment

[20]. That is why the fixation of the soft tissue graft in early stage has long been

considered to have an important role.

The patellar tendon with bone plug and the quadriceps muscle tendon with

bone plug are also reconstruction materials used commonly. It is reported that

healing of the bone block would complete within 6–12 weeks after surgery in the

ACL reconstruction using the BPTB graft. Therefore, powerful fixation strength

is required within 4–12 weeks after surgery until biological healing is

established [21].
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Several fixation methods for each transplanted tendon have been advocated in

the past 10 years.

23.4 Graft Fixation Procedures

23.4.1 Cortical Suspension Device

Cortical suspension device is widely used as a fixation method of the soft tissue

graft. Cortical suspension devices such as EndoButton® (Smith & Nephew, Ando-

ver, Massachusetts), TightRope® (Arthrex, Naples, Florida), ToggleLoc®
(Biomet, Warsaw, Indiana), Rigidloop® (Depuy Synthes Mitek, Raynham, Massa-

chusetts), and XO Button® (Conmed Linvatec, Largo, Florida) are constructed by

metal plates with suture loops (Fig. 23.1). The fixation principle of these methods

relies on the structure in which hardware is set to the lateral cortex of the distal

femur to suspend the graft into the femoral tunnel. In this type of fixation methods,

the directions of the resistance vectors are parallel, and the pullout force is con-

verged to the cortical bone of the distal femur, which is the contact point of the bone

and the hardware. Therefore, a smaller contact surface of the fixation device allows

a greater stress concentration, which depends on the design of the fixation device. In

addition, the mechanical properties of the artificial ligaments to suspend the graft

are factors involved in the fixation strength.

Fig. 23.1 Cortical suspension devices. (a) TightRope® (Arthrex), (b) EndoButton® (Smith &

Nephew), (c) Rigidloop® (Depuy Synthes Mitek)
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Compared with the fixation method within the bone tunnel, the following

elements are considered as the benefits of this method: (1) the powerful strength

owing to the cortical bone that is stronger than the cancellous bone, (2) the wide

contact of the tendon and the bone within the tunnel that is beneficial for healing,

and (3) the circumstantial healing that is obtained from the tunnel filled with the

tendon. On the other hand, the disadvantage is that a phenomenon that could lead to

the tunnel expansion such as the bungee-cord effect and the windshield-wiper effect

might occur because the graft is not fixed on the anatomical ACL insertion site.

Ochi [22] developed a looped artificial ligament without a mechanical weak

point such as a knot and reported its excellent mechanical strength. It is suggested

that it can minimize the bungee-cord effect and the elongation of the device because

it is superior to the suture and the existing artificial ligaments in its strength and

stiffness and because the amount of elongation was found to be small in the cyclic

loading test. Even now, the fixation devices that reflect these concepts are

widely used.

Recently, on the other hand, adjustable-length loop devices such as TightRope®
and ToggleLoc® have been developed. One of the features is that there is no need to

overdrill the tunnel to flip the button, which is considered as beneficial from the

viewpoint of bone preservation and dead space. However, there are doubts as to

whether the loop adjusted in vivo after fixation could come loose [23–25]. The

authors comparatively examined the mechanical properties of these kinds of

devices and found that the adjustable-length loop device might elongate until it is

pulled back with a certain level of strength and reported that it wouldn’t elongate
any further if a certain level of strength is applied [26]. In other words, it is

suggested that postoperative loosening might be caused when the loop is not

tightened up enough or is stuck at a certain site in the bone tunnel, indicating a

need to know the mechanical properties of these devices when using them.

23.4.2 Interference Screw

Interference screw fixation of the BPTB graft is most commonly used and consid-

ered as the gold standard. The properties of the interference screw fixation for

BPTB graft are specified as the frictional force among the bone plugs and the bone

tunnel wall as well as the engagement of the thread grooves with the bone plugs and

the bone tunnel wall. The fixation strength of the interference screw is subject to

various factors such as the screw diameter and size of the gap, deviation of the

screw, the screw length, and the BMD [27]. Currently, different types of interfer-

ence screws such as metal screws, biodegradable screws, and biosynthetic screws

are available. Metal interference screw used to be a classic fixation method for ACL

reconstruction for a long time (Fig. 23.2a). This fixation method will bring about

powerful primary fixation strength at an early stage until the bone invasion occurs.

Although excellent results of metal interference screws have been reported, there

exist concerns such as damage of the transplanted tendon when setting a screw,
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destruction of the posterior wall, projection of the fixation device into the joint,

distortion of the MRI images after surgery, and the need to pull out the fixation

device at revision surgery [28]. Consequently, along with the development of

bioengineering and biomaterial science, it has long been considered that an ideal

implant should be biocompatible, biosimilar, and biodegradable. Under the circum-

stances, a biodegradable screw was invented. Biodegradable interference screws

can be classified into those with early biodegradability and those with late biode-

gradability. Screws with early biodegradability might be highly prone to soft tissue

response [29]. Generally, biodegradable screws are composed of several stereoiso-

mers of lactic acid molecules such as polyglycolic acid (PGA), poly-l-lactic acid

(PLLA), and poly-d-lactic acid (PDLA) as well as copolymers such as polyglycolic

acid/polylactic acid (PGA/PLA). Each polymer has material-specific characteris-

tics, and implants made of one kind of polymer can be defined by its nature.

Therefore, copolymers can combine and mix the characteristics needed for different

polymers and can exceed the limit of the polymer of one kind.

In recent years, biocomposite materials are also being developed (Fig. 23.2b–c).

These materials are composed of a combination of the previously listed polymers

and osteoconductive materials, such as beta-tricalcium phosphate (β-TCP) or

hydroxyapatite (HA). In particular, β-TCP that can be used as synthetic implant

material has appropriate ultrastructural properties for cell adhesion [30].

Compared with metal interference screws, these biodegradable interference

screws are expected to dissolve concerns such as the need to pull out the fixation

device, the adverse effect on MRI images, and injury risks of the transplanted

tendon. Some other biomechanical studies indicated that the primary fixation

property of biodegradable screws and biosynthetic screws has a similar strength

and stiffness as the metal screws.

Fig. 23.2 Interference screws. (a) Metal interference screw, Softsilk® (Smith & Nephew), (b)
biocomposite interference screw (PLLA and HA), BioRCI-HA® (Smith & Nephew), (c)
biocomposite interference screw (PLA and β-TCP), Milagro-BR® (Depuy Synthes Mitek)
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On the other hand, complications associated with the use of biodegradable

interference screws involve damage during early stage of surgery, inflammatory

reaction originated from a large quantity of oxides produced during the course of

resolution implants, aberrant screw implantation due to additional damage, and a

risk of tunnel expansion.

Some clinical studies investigated the biodegradable interference screws and

metal interference screws and compared the residual anterior laxity evaluated by

manual examination or a KT arthrometer as well as subjective/objective functional

evaluation end points such as the Lysholm Knee scoring scale and the IKDC score.

However, none of them showed a clinically significant difference.

23.4.3 Tibial Fixation

Fixation on the tibial side is considered as generally difficult compared with that on

the femoral side at least mainly due to following two reasons: (1) BMD is obviously

low compared with the distal femur; (2) the fixation device on the tibial side needs

to be able to resist the tension exerted parallel on the axis of the tibial tunnel. The

potential bifurcation in the fixation method on the tibial side may lead to the

loosening and the tunnel expansion that can cause residual disability including

the disconnection of the graft and micromotion. For these reasons, fixation on the

tibial side can become the weakness of the femur-graft-tibial complex immediately

after ACL reconstruction. Fixation method on the tibial side includes interference

screws, staples, spiked washers, and post screws (Fig. 23.3). Ishibashi et al. [31]

investigated the fixation method of BPTB graft on the tibial side and reported that

the primary fixation strength of the more proximal fixation using interference

screws was superior to that of the distal fixation using staples. To improve the

fixation power of the transplanted tendon and decrease the risk of displacement, the

following combinations were tested as hybrid fixation methods: screws and washers

and bone nails, screws and washers and interference screws, interference screws

Fig. 23.3 Tibial Fixation Devices. (a) Double-spike plate (smith & Nephew), (b) screw & washer

(Arthrex), (c) staples
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and staples, interference screws and double-spike plates, interference screws and

autologous transplanted tendon/bone reinforcement, and interference screws and

Bio-Tenodesis screws, all of which were reported to have a good mechanical

property compared with a conventional, unreinforced fixation method

[32, 33]. However, a clinically significant difference was not observed in any of

these cases [34].
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Part V

Multiple Bundle ACL Reconstruction



Chapter 24

Single- Vs. Double-Bundle ACL

Reconstruction

Masahiro Kurosaka, Ryosuke Kuroda, and Kanto Nagai

Abstract Multiple bundle ACL reconstruction, especially focused on double-

bundle ACL reconstruction was discussed in this article. Although crucial factors

and denominators that influence the outcome of ACL reconstruction are not eluci-

dated, we believe that anatomically oriented graft replacement in reconstruction of

the ruptured ACL structure will be certainly the future direction of this surgery. The

study of anatomy of the ACL insertion site and intra-articular graft orientation in

the young and normal population would be mandatory for the better understanding

of future ACL reconstruction. Also better evaluation system that includes both

subjective and objective approach should be refined in the future. As the technology

advancement is seen in many fields of surgical technique, navigation system or

some other types of newer technique will surely be introduced in ACL reconstruc-

tion technique field. Biological intervention of ACL surgery is surely one of the

challenging issues for future ACL reconstruction. Since ACL is the tissue that has

blood supply, biological application to facilitate the implanted graft to heal to

normal ACL tissue may be one of the attainable possibilities and may be easier

than healing of nonvascularized tissue like an articular cartilage damage or torn

meniscus. We are still on the way to get the normal ACL tissue back to the torn

ACL knee; however, anatomic approach of the double-bundle ACL reconstruction

of the ACL tissue may be one of the possible solutions to this currently unsolved

problem for the athletic population.

Keywords Single-bundle • Double-bundle • ACL reconstruction

24.1 Historical Background

First anatomic reconstruction concept was reported by Mott in 1983 by using

the semitendinosus tendon [1]. Since then much attention has not been paid to

double-bundle ACL reconstruction until Muneta et al. reported their technique of
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double-bundle ACL reconstruction in 2007 [2]. This report was a prospective

randomized study of 4-strand semitendinosus tendon ACL reconstruction compar-

ing single-bundle and double-bundle techniques. There were several studies

published from Japan regarding the double-bundle ACL reconstructions [3–12];

however, most of the studies reported the theoretical advantages of double-bundle

ACL reconstruction. Toritsuka et al. reported double-bundle ACL reconstruction in

satisfactory outcome after short-term follow-up [7]. Also Yagi et al. showed the

superiority of double-bundle ACL reconstruction [13] and especially emphasized

the importance of posterolateral (PL) bundle that predominantly controlled tibial

internal rotation when the tibia was internally rotated as pivot shift test-like force

applied to the tibia by using robotic universal force-moment sensor (UFS) device

[14]. Our personal experience of anatomic double-bundle reconstruction started in

2002. During those days Yasuda et al. [15] reported the femoral anatomical

insertion site of PL bundle located distal and more posterior than usually perceived

by most of the double-bundle ACL reconstruction surgeons. Our general under-

standing of importance of the isometricity of the ACL fibers led us to create two

anteromedial (AM) bundle femoral tunnels instead of truly anatomically located

insertion sites. Dr. Yasuda’s report influenced quite a few surgeons to create the PL

new femoral drill tunnels positioning. There are still controversial issues whether

the double-bundle ACL reconstruction brings better outcome comparing to single-

bundle reconstruction [16]. Meta-analysis has shown that there was not significant

difference between single- and double-bundle ACL reconstruction [17]. However,

this result may be due to the evaluation modality that was available for us to judge

the outcome of ACL surgery at the time the analysis was conducted. Recent first

class review guidelines [18] have shown that both double-bundle and single-bundle

ACL reconstruction confirmed the similarity of both techniques that can be

recommended for the patients. With the currently available evaluation technique,

there might be a limit to clearly define the difference of both techniques. That really

indicates the necessity to develop the better and more accurate evaluation modality

developed in the future. Recently, we have developed a three-dimensional electro-

magnetic measurement system (EMS) to evaluate the knee stability and reported

the accuracy of this measurement system [19, 20], and several outcomes and

comparisons between single- and double-bundle ACL reconstruction were also

reported [11, 21]. There are other evaluation systems reported recently using

accelerometer [22, 23] and image analysis by using the iPad [24], etc. These

newer techniques along with better patients’ subjective evaluation also with better

imaging system will make our evaluation more precise and objective in the future.

24.2 Insertion Site Evaluation

Until now there have been quite a few literatures existing regarding the insertion

site of ACL. As to the femoral insertion, historically, it is known that the insertion

site is relatively broad extending from the bone cartilage junction to the what is
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called resident ridge that usually exist on the lateral femoral condylar wall. We

were taught that the creation of the femoral tunnel above the resident ridge is the

nonanatomical malpositioned poor technique. Fu and his group reported that there

is a ridge in between AM and PL bundle (bifurcate ridge) that separates both

bundles posterior to the resident ridge [25]. Shino et al. reported similar findings

with the more detailed histological study [26, 27]. However, a recently new concept

of the anatomy of the femoral insertion was published by several authors

[28, 29]. They found by anatomical dissection that the predominantly functioning

femoral insertion of ACL existed more anteriorly than was reported [28]. Their

finding shows that the functioning femoral insertion site existed on the resident

ridge area that is far anterior than most of the surgeon believed. This new concept is

totally different than what we have understood in the past, and this new concept of

femoral insertion site can change the currently practiced surgical technique. Similar

dispute on the insertion of the tibial insertion recently came into the attention

among ACL reconstruction surgeons. Tibial ACL insertion was believed to be

quite wide anteriorly and PL bundle insertion was known to be located

posterolaterally to AM bundle insertion. The anatomical landmark that can be

referenced at the time of surgery can be the anterior horn of both medial and lateral

meniscus and the ridge of the tibial spines. The new concept of the anatomical tibial

insertion of the ACL exhibits that tibial insertion site is J or C shaped and that it

extends from the very anterior portion of the ACL fibers to the very medial that is

next to the medial ridge of the tibial spine [30]. This indicates that tibial insertion of

PL bundle is quite medial, so this structure could be called as posteromedial bundle

rather than posterolateral bundle according to their report [28]. This concept is quite

new and may influence our daily surgical procedures in the future. However, the

criticism to these new studies can be that they only examined old degenerated

specimens and there should be the difference between young and athletic popula-

tion knee anatomy and old degenerated specimens. I personally believe this criti-

cism should be cleared by more high-resolution imaging techniques available to

precisely analyze the insertion site of native ACLs in the young and active popu-

lation in the future.

24.3 Our Surgical Technique

Our surgical technique to ACL deficiency is what is called anatomic ACL recon-

struction for most of the cases. The exception is the patients with wide open

epiphysis and multiple-ligament reconstruction cases. For the patients with wide

open epiphysis, we try to avoid the epiphyseal plate injury by approaching from

outside-in technique for the femoral side that makes double-bundle reconstruction

difficult (Fig. 24.1). For the cases with multiple-ligament reconstruction, we try to
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do anatomic double-bundle reconstruction as much as possible because we believe

anatomical reconstruction will be better than single-bundle reconstruction to mimic

normal knee structure. However, for the cases of ACL, posterior cruciate ligament

(PCL), plus other ligaments, it is difficult to do it in a single tourniquet time, and so

we stay in the single-bundle technique. For the other cases like the small patients or

elderly patients, we basically do anatomic double-bundle technique because we

believe that double-bundle reconstruction is more anatomical and natural for their

knees. Fu et al. reported that even in the fetus, double-bundle ACL exists [31]. We

use semitendinosus tendon for the double-bundle ACL reconstruction. So, the first

part of this procedure is the harvest of semitendinosus tendon (Fig. 24.2). We make

the 5 cm oblique skin incision in the medial side of the anterior part of the knee.

After the sharp dissection on the top of pes anserinus soft tissue, we can separate the

semitendinosus and gracilis from the pes anserinus. The semitendinosus tendon can

be separated from the rest of the pes anserinus tendon and this can be harvested by

open tendon stripper. The length of the tendon needs to be a minimum of 24 cm.

Two doubled semitendinosus tendon is prepared for AM and PL bundle reconstruc-

tion in the back table by a graft master assistant while the surgeon prepares the bony

Fig. 24.1 The

postoperative lateral

radiograph after ACL

reconstruction of the left
knee. The ACL injured

patient was 13 y.o. female

with open epiphysis. For the

femoral side, outside-in

technique was used to avoid

the injury of epiphyseal

plate, and fixed with a

suspensory button. For the

tibial side, the transphyseal

technique was used and

fixed with a post screw
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tunnels for both AM and PL bundles (Fig. 24.3). The first step for intra-articular

tunnel preparation is identification of the drilling hole sites. We use regular 30�

angle arthroscopy with anterior lateral, medial, and far anterior medial accessory

portals. Viewing the insertion site both from lateral and medial is extremely

important especially for the femoral insertion site identification. We try to use the

remnant tissue for both the femoral and tibial side to identify the insertion site and

mark the point for drilling by a thermal instrument (Fig. 24.4a, b). For the femoral

tunnel creation, we have reported that the femoral tunnels shift anteriorly and

distally during the follow-up after the surgery [32]. Thus our tunnel location is in

the posterior and proximal margin underneath the resident ridge for AM bundle. PL

bundle insertion is marked just distal and slightly posterior to the AM bundle

Fig. 24.2 Harvesting of hamstring tendon graft. The semitendinosus tendon was identified from

the surface of pes anserinus tissue. Then, the semitendinosus tendon was isolated from the

underneath of the gracilis tendon and harvested with tendon stripper (left knee)

Fig. 24.3 Graft preparation for double-bundle ACL reconstruction. The doubled semitendinosus

tendons were prepared with suspensory buttons
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insertion. We usually create the drilling holes of both AM and PL bundles from the

far anterior medial portal. We make sure that tunnel coalition in both does not

happen. We use the suspensory type of fixation for the femoral side; thus we create

the femoral drill hole as the graft is tightly fit in diameter and get the minimum

length of 1.5 cm graft incorporation in both AM and PL bundles. After the creation

of the femoral tunnels, tibial drill holes are prepared and drilled. AM tibial tunnels

are near to the anterior horn of the medial meniscus; thus it is the anterior that we

used to create AM bundle. PL tibial tunnel can be created toward more lateral and

near to the posterior edge of the anterior horn of the lateral meniscus and just medial

to the medial tibial spine. Both AM and PL tibial tunnels are created by outside-in

drilling fashion. By the time you create these four tunnels in the femur and the tibia

(Fig. 24.4c), the grafts for both tunnels are manipulated and be ready for implan-

tation in the back table. PL bundle insertion is done first and followed by AM graft

insertion. After the graft insertion and femoral side suspensory type graft fixation is

completed, isometricity of the graft can be checked by the knee in full extension to

full flexion. In our experience, graft isometricity is nearly isometric or slightly tight

in extension in the AM bundle, and in the PL bundle, it gets tighter in extension and

usually minimal change occurs in flexion. Our fixation technique is the suture tied

to the fixation post screw with a washer in the tibia. Since the isometricity of the

graft is tight in extension in most of the cases, we fix the graft near to the extension

position. We believe that graft will undergo load relaxation phenomenon and they

will stay in the certain tension in 24 h after the surgery because we have the several

points where the load relaxation occurs after implantation such as soft tissue

between femoral suspensory device to the bone, suture, and graft material junction

and sutures tied to the fixation post screw. We carefully examine the intra-articular

graft seating, notch impingement, and other structures such as cartilage and menis-

cus. Additional procedure necessary at this stage is extremely rare.

Fig. 24.4 Intraoperative arthroscopic images of double-bundle ACL reconstruction for the left
knee. (a) Marking of femoral ACL insertion site of AM and PL bundles by using the thermal

device. Arrows indicate the resident ridge. (b) Marking of tibial insertion site of AM and PL

bundles by using the thermal device. (c) Graft passage leading sutures were placed through AM

and PL bone tunnels
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24.4 Future Directions

Obviously, our technique has changed in the past 10 years and tunnel positioning

has become more standardized. But in the future, insertion site study should be

more refined and more standardized technique will be developed. Possible tech-

nology change may take surgery to a more computer-navigated direction. So some

technology will be developed and preoperative and intraoperative identification of

the insertion sites may become more precise. In some areas of the surgery like

urology, da Vinci telerobotic surgery [33] became very standard. We are not sure if

we have the tendency toward that direction, but for sure some computer-navigated

surgery will be incorporated to ACL reconstruction. From the biological standpoint,

significant advancement of tissue regeneration has been made in the past as

represented in the creation of induced pluripotent stem (iPS) cells by the Nobel

Prize laureate Professor Shinya Yamanaka [34, 35]. There is certainly a possibility

that some kind of biological manipulation on the process of ligamentization may be

available and change the story of ligament-healing process. Although the facilita-

tion of the maturation process of implanted ligament graft might be difficult,

facilitation of the muscular recovery may be more easily attained. We have found

the possibility to use the carbon dioxide gas (CO2) with the special gel applied from

the skin that facilitates the absorption of CO2 gas to the muscular tissue which in

turn resulted in high concentration of oxygen in the muscular tissue [36] (Figs. 24.5

and, 24.6). In fact, in the animal model, a positive effect of muscular strength

recovery was found, and this result was reported in several journals [36, 37]. Not

only the muscular strength but also muscle-to-nerve coordination and propriocep-

tion recovery could be the possible solution of earlier return to sports after ACL

reconstruction in the future.

Fig. 24.5 The mechanism of transcutaneous carbon dioxide (CO2) gas application. (a). In normal

condition, the use of the muscles creates CO2 in muscular tissue that is replaced by oxygen (O2).

(b). By applying excessive CO2 though the skin to the muscular tissues. CO2 concentration in the

muscular tissues becomes abnormally high. After this phenomenon, CO2 is replaced by the O2

from the artery, and eventually O2 concentration in the muscular tissue becomes extremely high
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Chapter 25

Anatomic Double-Bundle Reconstruction

Procedure

Kazunori Yasuda, Eiji Kondo, and Nobuto Kitamura

Abstract The anterior cruciate ligament (ACL) is composed of the anteromedial

(AM) and posterolateral (PL) bundles, each with a different function. Based on our

basic studies, the authors established the theory and the practical procedure to

anatomically reconstruct the two bundles using hamstring tendon grafts. In the

anatomic double-bundle bundle procedure, four ends of two tendon grafts should be

grafted at the center of the direct attachment of the AM or PL mid-substance fibers,

respectively, not only on the tibia but on the femur. In biomechanical evaluations,

the knee stability after the anatomic double-bundle procedure was almost equal to

that in the normal knee and significantly superior to that after the conventional

single-bundle reconstruction procedure. Our comparative clinical studies demon-

strated that the anatomic double-bundle procedure significantly improved the

postoperative knee stability in comparison with the conventional single-bundle

procedure, without providing any adverse clinical effects. Recently, we developed

the remnant-preserving procedure for anatomic double-bundle reconstruction. Our

clinical study indicated that preservation of the ACL remnant tissue was signifi-

cantly effective to improve knee stability after anatomic double-bundle ACL

reconstruction without any adverse effects in functional evaluations. Thus, we

believe that the anatomic double-bundle ACL reconstruction with preservation of

a sufficient amount of remnant tissue can bring the clinical results of ACL recon-

struction closer to the ideal goal.
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25.1 Introduction

The anterior cruciate ligament (ACL) is functionally composed of the anteromedial

(AM) and posterolateral (PL) bundles. The authors reported the first practical

double-bundle procedure to anatomically reconstruct both the AM and PL bundles

using the hamstring tendon in 2004 [1]. The greatest feature of this procedure was

that all four ends of two tendon grafts are grafted at the center of the anatomical

attachment of the AM bundle or the PL bundle, not only on the tibia but also on the

femur. Then, we reported the first clinical results compared with a conventional

single-bundle procedure in 2006 [2] and 2008 [3]. These studies demonstrated that

the postoperative anterior and rotational stability after the anatomic double-bundle

ACL reconstruction was significantly better than that after the conventional single-

bundle reconstruction. In addition, our biomechanical study using cadaver knees

showed advantages of this double-bundle procedure in terms of restoration of knee

stability in comparison with a conventional single-bundle procedure [4]. In this

chapter, the authors explain the surgical theory, the practical procedure, and the

evaluations of our anatomical double-bundle ACL reconstruction procedure. In

addition, we introduce our recent studies to further improve the clinical results

after this procedure by preserving the ACL remnant tissue.

25.2 History of Double-Bundle ACL Reconstruction

Procedures

In 1983, Mott [5] showed the first idea to reconstruct the ACL with two bundles,

although he did not show where he created the intra-articular outlets of the two

tunnels in the femur or the tibia. In 1994, a technical manual produced under the

advice of Rosenberg and Graf [6] displayed a few important drawings on an

arthroscopically assisted double-bundle procedure using two femoral and one tibial

tunnels, although this manual was not regarded as a scientific paper. According to

these drawings, the two femoral tunnels were created between the 11:00 and 12:00

o’clock point. In 1999, Muneta et al. [7] improved upon this procedure by creating

two tunnels in the tibia. They described that the two femoral tunnels were created at

the 10:30 and 11:30 (or 12:30 and 1:30) o’clock orientations, respectively. Hereafter,
several technical papers for double-bundle ACL reconstruction procedures were

published [8]. These procedures, however, did not include the concept of anatomic

reconstruction of the PL bundle but rather meant to reconstruct the AM bundle with

two bundles. In 2004, Yasuda et al. [1] reported the first anatomic reconstruction

procedure of the AM and PL bundles with two-year follow-up results, in which the

two bundles were reconstructed with four independent tunnels created at the center of

the four normal attachments. Hereafter, a number of prospective comparative clinical

trials were conducted to compare the anatomic double-bundle reconstruction with the

conventional single-bundle reconstruction [8].
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25.3 Theory of the Anatomic Double-Bundle ACL

Reconstruction Procedure

25.3.1 Where Should Surgeons Create Femoral Tunnels
in the Anatomic DB ACL Reconstruction?

It is critical to understand functional anatomy and biomechanics of the AM and PL

bundles of the ACL in order to understand the theory of the anatomic double-bundle

ACL reconstruction. It has been well known that the mid-substance fibers of the

AM and PL bundles have different functions: The AM bundle mid-substance is

stretched in the full extension position, relaxed at 20–60 � of knee flexion, and again
stretched in a flexion position of more than 90�[9]. The PL bundle mid-substance is

stretched in the full extension position, whereas it becomes slack in a flexion

position [9]. In response to an anterior tibial load, the magnitude of the in situ

force in the PL bundle mid-substance was larger than that in the AM bundle

mid-substance at knee flexion angles between 0 � and 45 � [10]. Under a combined

rotatory load, the PL bundle mid-substance is as important as the AM bundle

mid-substance, especially when the knee is in the near extension position [11].

Concerning the ACL attachment on the femur, Mochizuki et al. [12] described

that the broad attachment of the ACL is composed of the attachment of the

mid-substance fibers and the fanlike extension fibers. Recently, the authors have

clarified functional anatomy of the ACL attachment in detail: In the whole attach-

ment, the mid-substance fiber attachment is relatively narrow and long, with its long

axis inclined toward the posterior direction by 30 � to the long axis of the femur

[1, 13]. The fanlike extension fibers extend from the mid-substance fibers and

broadly spread out like a fan on the posterior condyle. The authors discovered

that a deep fold is formed at the border between the mid-substance and the fanlike

extension fibers during knee flexion [14] (Fig. 25.1). This fact suggested that a force

from the ACL mid-substance might not be distributed to the fanlike extension fibers

over this fold. Most recently, our biomechanical study demonstrated that, in

Fig. 25.1 A deep fold is formed at the border between the mid-substance and the fanlike extension

fibers during knee flexion. Therefore, it is meaningless to reconstruct the fanlike extension fibers in

ACL reconstruction. However, the mid-substance fibers of the AM and PL bundles can be

reconstructed by creating two tunnels at the center of the femoral direct attachment of the AM

or PL mid-substance fibers, respectively
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anterior tibial displacement, the attachment of the mid-substance fibers resisted

82–90% of the anterior drawer force, while the fanlike extension fibers contributed

very little [15].

The above-described anatomical and biomechanical facts suggest that it is not of

value to reconstruct the fanlike extension fibers in ACL reconstruction and that

what should be anatomically reconstructed in the anatomic DB ACL reconstruction

are the mid-substance fibers of the AM and PL bundles including the direct

attachment on the femur and the tibia [1, 14, 15]. To reconstruct such bundles,

four ends of two tendon grafts should be grafted at the center of the direct

attachment of the AM or PL mid-substance fibers, respectively, not only on the

tibia but on the femur (Fig. 25.1).

25.3.2 How to Determine the Center of the Femoral
Attachment of the AM and PL Mid-Substance Fiber
Bundles

In the anatomic double-bundle ACL reconstruction, two femoral tunnel positions

are particularly critical to obtain better clinical results [2]. Nevertheless, no studies

have shown a quantitative method available in arthroscopic surgery. For example,

the quadrant grid method cannot be applied to actual arthroscopic surgery. The

resident’s ridge cannot be quantitatively used as a reference in ACL reconstruction

surgery, as shown in our anatomical study [16]. How should we create two femoral

tunnels at the center of the direct attachment of the AM and PL mid-substance

fibers, respectively? The authors developed a clinically available quantitative

method to precisely insert a guidewire at the averaged center of the direct attach-

ment of the AM and PL mid-substance fibers [1, 17].

Concerning the AM bundle reconstruction, the anatomic study reported that the

averaged center of the direct attachment of the AM bundle mid-substance fibers was

located on the cylindrical surface of the femoral intercondylar notch at “10:37”

(or “1:23”) o’clock orientation in the distal view and at 5.0-mm from the proximal

outlet of the intercondylar notch (POIN) in the lateral view (Fig. 25.2) [17]. Based

on this fact, the authors developed the following quantitative method to insert a

guidewire into this point: Through the tibial tunnel, we introduced a 5-mm offset

guide (Twisted Offset Guide, Smith and Nephew Endoscopy Japan Inc, Tokyo,

Japan) into the joint cavity and set the hook-shaped tip of this guide at the POIN at

90–100 � of knee flexion. Keeping the hook at this point, we aimed a guide wire at

the “1:30” or “10:30” o’clock orientation, an eighth of a circle, in the arthroscopic

visual field (Fig. 25.3) [17]. In the postoperative evaluation of the accuracy of this

technique, the average location of the AM tunnel actually created in ACL recon-

struction was at “10:41” (or “1:19”) o’clock orientation and at 5.0 mm from the

POIN. There was no significant difference between the averaged center location of

the native AMB attachment and that of the actually created tunnels [17]. The results
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suggest that the above-described quantitative technique is useful to insert a

guidewire into the averaged center of the native AM bundle attachment.

Regarding PL bundle reconstruction, the authors reported a geometric method to

estimate the averaged center of the direct attachment of the PL bundle

mid-substance in the original procedure [1]. In an arthroscopic visual field, we

could draw an imaginary vertical line through the contact point between the lateral

femoral condyle and the tibial plateau at 90 � of knee flexion (Fig. 25.4). This line

and the long axis of the ACL remnant were crossed at the point 5–8 mm anterior to

the edge of the joint cartilage. The averaged center of the normal attachment of the

PL bundle was located approximately at this crossing point. The surgeon manually

held a guidewire and aimed it at the crossing point on the femur through the tibial

tunnel. Then, the surgeon hammered the wire into the femur and then drilled it. The

Fig. 25.2 The averaged center (red marker) of the direct attachment of the AM bundle

mid-substance fibers was located on the cylindrical surface of the femoral intercondylar notch at

“10:37” (or “1:23”) o’clock orientation in the distal view and at 5.0 mm (Distance D) from the

proximal outlet of the intercondylar notch (POIN) in the lateral view. PC: posterior condylar line.
FA: femoral axis. (From ref. 17 with permission)

Fig. 25.3 Through the tibial tunnel, we introduced a 5-mm “twisted” offset guide into the joint

cavity and set the hook-shaped tip of this guide at the POIN at 90 to 100 � of knee flexion (a).

Keeping the hook at this point, we inserted a guide wire at the “1:30” or “10:30” o’clock
orientation (b)
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accuracy of this geometric method was evaluated to be sufficient for clinical use in

our radiological study [18].

25.4 Practical Procedure to Reconstruct the Mid-

Substance Fibers of the AM and PL Bundles

25.4.1 Preparation

Surgery is performed with an air tourniquet in the standard supine position.

Preoperative setup is critical to accurately perform the transtibial tunnel technique,

which is one of the features of our procedure, keeping a sterile condition. A surgeon

attaches an edge of a sterile drape to his lumbar portion and then sits beside the knee

joint of the patient. The surgeon puts the patient’s leg hanging beside the table on

his knee covered by the drape (Fig. 25.5). This setup allows the surgeon to control

the patient’s knee position using the surgeon’s own knee in a sterile condition.

25.4.2 Essence of the Transtibial Tunnel Technique

We use the transtibial tunnel technique to perform this procedure. This technique is

not a simple technique which is defined as a femoral tunnel creation through a tibial

tunnel, which has been created independently to the femoral tunnel. There are two

greatest keys to the success of the transtibial tunnel technique [19]: One is to create

a tibial tunnel with an appropriate three-dimensional direction. In other words, a

tibial tunnel should be created so that a guidewire for femoral tunnel creation can be

Fig. 25.4 In an arthroscopic visual field, we can draw an imaginary vertical line through the

contact point between the lateral femoral condyle and the tibial plateau at 90 � of knee flexion. The
averaged center of the normal attachment of the PL bundle was located approximately at a crossing

point of this line and the long axis of the ACL remnant
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easily inserted at a targeted point on the lateral condyle through the tibial tunnel.

The other key is to utilize the physiological knee laxity in order to insert a guidewire

at the most appropriate point on the femur. Namely, the “leg-hanging” position

(Fig. 25.5), in which a distraction force is applied to the knee, is essentially needed

for the transtibial tunnel technique. If it is difficult to insert the wire at this point in

this knee position, we recommend to change the “leg-hanging” position to the

“figure-4” position, in which varus and internal rotatory forces are applied to the

tibia. This position enables a surgeon to easily insert the wire at the appropriate

point.

25.4.3 Creation of Tibial Tunnels

The practical procedure has been reported in detail in the original papers [1]. To

create such tibial tunnels for the PL and AM bundles, we use a previously devel-

oped guidewire navigator device (Guidewire navigator III, Smith and Nephew

Endoscopy Japan, Tokyo, Japan). This device is composed of a navi-tip and a

wire sleeve. The navi-tip consists of sharp tibial and femoral indicators. The axis of

the wire sleeve passes through the tip of the tibial indicator (Fig. 25.6). The navi-tip

is introduced into the joint cavity through the medial infrapatellar portal. The

surgeon holds the tibia at 90 � of knee flexion, keeping the femur horizontal. The

tibial indicator of the navi-tip is placed at the center of each bundle footprint on the

tibia. Then, we aim the femoral indicator at the center of each footprint on the femur

(Fig. 25.6), and the proximal end of the extra-articularly located wire sleeve is fixed

Fig. 25.5 Preoperative

setup is critical to

successfully perform the

transtibial tunnel technique.

A surgeon attaches an edge

of a sterile drape to his

lumbar portion and then sits

beside the knee joint of the

patient. The surgeon puts

the patient’s leg hanging

beside the table on his knee

covered by the drape
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on the anteromedial aspect of the tibia through the skin incision made for the graft

harvest. Namely, the proximal end and the direction of the wire sleeve are auto-

matically determined on the anteromedial aspect of the tibia, depending on the

direction of the intra-articular navi-tip. A Kirschner wire of 2 mm in diameter is

drilled through the sleeve in the tibia. The first tunnel is made for the PL bundle

reconstruction with a cannulated drill which corresponds to the measured diameter

of the prepared substitute (commonly 6 mm). Then, the second tunnel is drilled for

the AM bundle reconstruction in the same manner (commonly 7 mm).

25.4.4 Creation of Femoral Tunnels

First, through the second tibial tunnel, we insert a Kirschner wire in the average

center of the femoral footprint of the AM bundle mid-substance, according to the

above-described method using a 5-mm offset guide (Fig. 25.3). Using this wire as a

guide, a tunnel is made with a 4.5-mm cannulated drill. The length of the tunnel is

measured with a scaled probe. A socket is created for the AM bundle reconstruction

with a cannulated drill in the Endobutton fixation system (Acufex Microsurgical,

Fig. 25.6 (a) The guidewire navigator device is composed of a navi-tip (N ) and a wire sleeve (S).
The axis of the wire sleeve passes through the tip of the tibial indicator. The tibial indicator of the

device is placed at the center of bundle footprint on the tibia, and the femoral indicator is aimed at

the center of each bundle footprint on the femur (b): PL tunnel creation. (c): AM tunnel creation.

(d) Recently, we developed a “double-spiked” navigator-modified device for PL tunnel creation.

(e) When the AM indicator (AM) was set at the AM center, the PL indicator (PL) was automat-

ically set at the PL center
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Mansfield, MA), the diameter of which is matched to the prepared graft. Then,

keeping the femur horizontal at 90 � of knee flexion, the lateral condyle is observed
with a 30 � arthroscope inserted through the medial infrapatellar portal. The center

point of the PL bundle footprint is identified using the above-described method

(Fig. 25.4). The femoral tunnel, which has been created already for the AM bundle

reconstruction using the above-described quantitative technique, can be used as a

good landmark to use this method (Fig. 25.4). After inserting a guide wire at this

point, a 4.5-mm diameter tunnel is drilled using this wire as a guide. The tunnel

length is measured in the same manner. A socket is created for the PL bundle

reconstruction with a cannulated drill in the same manner (Fig. 25.4).

25.4.5 Graft Fashioning, Placement, and Fixation

The semitendinosus tendon is harvested using a tendon stripper. When it is too thin

or short, the gracilis tendon is harvested. Using these tendon materials, the hybrid

grafts are then fashioned. Namely, a commercially available polyester tape (Leeds-

Keio Artificial Ligament, Neoligament, Leeds, United Kingdom) is mechanically

connected in series with the other end of the doubled tendons, using the original

technique [1]. At the looped end of each doubled tendon graft, an Endobutton-CL

(Acufex Microsurgical, Mansfield, MA) is attached. The length of the Endobutton-

CL is determined such that a 15–20-mm long tendon portion can be placed within

the bone tunnel. The PLB graft is first introduced through the tibial tunnel to the

femoral tunnel using a passing pin and is fixed on the femur by an Endobutton. Then

the graft for the AM bundle is placed in the same manner. Thus, the two bundles

having different directions are grafted in the intercondylar space (Fig. 25.7a). An

assistant surgeon simultaneously applies tension of 30 N to each graft for 2 min at

10 � of knee flexion, using a spring tensiometer. A surgeon simultaneously secures

Fig. 25.7 Two tendon grafts having different directions are placed intra-articularly (a). In the

remnant tissue-preserving procedure, the same two tendon grafts were placed, penetrating the

remnant tissue (b)
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the two tape portions onto the anteromedial aspect of the tibia using two spiked

staples in the turnbuckle fashion.

25.5 Evaluations of this Procedure

25.5.1 Biomechanical Evaluations of this Procedure

Yasuda et al. [20] evaluated the function of the two grafts placed in the two femoral

tunnels, which were created with the above-described quantitative technique.

Namely, they intraoperatively measured the tension of the AM and PL bundle

grafts during flexion-extension motion of the knee, using a strain gauge-type

tensiometer. The averaged tension-versus-flexion curves were significantly differ-

ent between the AM and PL grafts under each initial tension condition, and each

curve was similar to that of the normal AM or PL bundle, which was reported in

previous biomechanical studies with cadaver knees [9–11]. The maximal internal

rotation of the tibia significantly increased the tension on both the AM and PL

suture grafts at knee flexion angles of less than 60�. This study implied that the two

femoral tunnel locations determined with the above-described quantitative tech-

nique were appropriate to reconstruct the anatomical location and orientation of the

mid-substance fibers of the AM and PL bundles.

Kondo et al. [4] reported a unique laboratory study to verify biomechanical

effects of this ACL reconstruction procedure. Namely, they arthroscopically

performed this anatomic double-bundle reconstruction procedure and the conven-

tional single-bundle reconstruction procedure with cadaver knees and biomechan-

ically compared the knee stability among the two procedures and the normal knee,

under the following loading conditions: 90-N anterior tibial force, 5-Nm internal

and external tibial torques, and a simulated pivot-shift test. In the results, there were

significant reductions of anterior laxity of 3.5 mm and internal rotational laxity of

2.5 mm at 20 � of flexion and anterior translations (2 mm) and internal rotations

(5 �) in the simulated pivot-shift test in the anatomic double-bundle reconstruction

as compared with the single-bundle reconstruction. In addition, the knee stability

after the anatomic double-bundle procedure was almost equal to that in the normal

knee. This study demonstrated that our anatomic double-bundle procedure was

significantly superior to the conventional single-bundle reconstruction procedure in

terms of restoring the knee stability.

25.5.2 Clinical Evaluations of this Procedure

In 2006, Yasuda et al. [2] reported the first prospective comparative study to evaluate

this anatomic double-bundle procedure using 72 patients. Concerning the side-to-

side anterior laxity and the pivot-shift test, the anatomic double-bundle group was

312 K. Yasuda et al.



significantly superior to the single-bundle group. There were no significant differ-

ences in the IKDC evaluation, the range of knee motion, and the muscle torque. In

2008, Kondo et al. [3] reported on a large prospective comparative study with

328 patients to compare this anatomic double-bundle procedure with the conven-

tional single-bundle procedure. Concerning all background factors, there were no

statistical differences between the two groups. Each patient was examined 2 years

after surgery. No serious complications were experienced in either group. As for the

results, the anterior laxity was significantly less in the double-bundle reconstruction

(mean, 1.2 mm) than in the single-bundle reconstruction (mean, 2.5 mm). In the

pivot-shift test, the double bundle (+, 16%; ++, 3%) was significantly better than

the single bundle (+, 37%; ++, 12%). There were no significant differences in the

other clinical measures between the two groups. Thus, this study showed that the

anatomic double-bundle procedure significantly improved the postoperative knee

stability in comparison with the conventional single-bundle procedure, without

providing any adverse clinical effects. These clinical results were supported by

our second-look arthroscopy study using 123 patients [21], which evaluated graft

thickness, apparent tension, and synovium coverage of the reconstructed bundles at

1–2 years after surgery. Namely, the anteromedial bundle was evaluated as excel-

lent in 79.5% of the knees, fair in 16.7%, and poor in 3.8% and the posterolateral

bundle was evaluated as excellent in 75.8%, fair in 21.2%, and poor in 3.0%.

There was a significant correlation between the evaluation score in the second-look

observation and the knee stability.

25.6 Recent Challenges to Further Improve the Clinical

Results After Anatomic Double-Bundle Procedure

25.6.1 Development of Remnant-Preserving Procedure

In our previous studies, we found some discrepancy in the knee stability between

the biomechanical and clinical results. Namely, the clinical results were worse than

the biomechanical results. What causes the discrepancy? It is known that the grafted

tendon is necrotized after surgery and undergoes a process of matrix remodeling,

which is considered to entail cellular repopulation, revascularization, and collagen

deposition [22]. During the remodeling phase, the structural properties of the graft

deteriorate, and the reduced properties are not completely restored even at

12 months after surgery [23]. Therefore, there is a strong possibility that the

discrepancy between the biomechanical and clinical studies is caused by gradual

failure or elongation of the graft, which are induced during the remodeling phase of

the graft by low or moderate forces in daily activities. Remnant preservation has

been expected to have several potential advantages to improve postoperative knee

stability, such as enhanced graft coverage with fibrous tissues, accelerated

cell repopulation and revascularization, maintenance of the native broad tibial
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attachment, and reduction of bone tunnel enlargement, although these points are

arguable. No clinical studies, however, have been conducted to compare clinical

results between the remnant-preserving and remnant-resecting procedures after

anatomic double-bundle reconstruction.

Recently, we developed the remnant-preserving procedure for anatomic double-

bundle reconstruction [19], based on the original remnant-resecting procedure

[1]. Briefly, first, we inserted a guide wire for the tibial PL tunnel with the wire-

navigator device. Because the remnant tissue disturbed arthroscopic observation,

we confirmed a position of the device using a C-arm fluoroscope. Then, a shallow

longitudinal incision was made on the AM bundle remnant along with the fiber

orientation. The wire-navigator device was at the center of the AM bundle attach-

ment through the incision. To insert a guide wire for femoral AM tunnel creation,

we made a short, deep incision, which was parallel to the remnant fiber orientation,

into the femoral attachment of the remnant tissue at the 1:30- or 10:30-o’clock
orientation. Through this incision, a tip of a 5-mm offset guide, which was inserted

to the joint cavity through the tibial AM tunnel and the remnant tissue, was placed

on the posterior part of the lateral condyle with use of the C-arm fluoroscope. For

femoral PL tunnel creation, finally, the surgeon manually inserted a guide wire into

the joint cavity through the tibial PL tunnel and the remnant tissue and aimed it at

the center of the femoral attachment of the PL bundle mid-substance, using the

fluoroscopic method [19]. After each guide wire was inserted without detaching the

adherent attachment of the remnant from the PCL or the femur, we gently drilled a

tunnel by use of a cannulated drill, penetrating the remnant tissue. In this procedure,

the same hybrid tendon grafts were easily placed, penetrating the remnant tissue

(Fig. 25.7b) and fixed to the femur and tibia in completely the same manner. The

transtibial tunnel technique was beneficial to place the two tendon grafts, penetrat-

ing the remnant tissue.

25.6.2 Clinical Evaluations of the Remnant-Preserving
Procedure

We conducted a prospective comparative study with a total of 179 patients who

underwent anatomic double-bundle ACL reconstruction [24]. Based on the Crain

classification of ACL remnant tissue, 81 patients underwent the remnant-preserving

procedure (group P) and the remaining 98 patients underwent the remnant-resecting

procedure (group R). There were no differences between the two groups concerning

all background factors, including preoperative knee instability and intraoperative

tunnel positions. The patients were followed for 2 years or more. The rate of

complications, including Cyclops syndrome, and the subjective and functional

clinical results were comparable between the two reconstructions. The side-to-

side anterior laxity was significantly less in group P (0.9 mm) than in group R

(1.5 mm). The pivot-shift test was negative in 89% of group P and 78% of group R
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patients; the result for group P was significantly better. The degree of initial graft

coverage significantly affected postoperative knee stability. In arthroscopic evalu-

ation, the remnant-preserving procedure was significantly better than remnant-

resecting procedure concerning postoperative laceration or tear of the grafts as

well as the synovial and fibrous tissue coverage of the grafts. These results showed a

strong possibility that preservation of the ACL remnant tissue was effective in

improving knee stability after anatomic double-bundle ACL reconstruction without

any adverse effects in functional evaluations.

25.7 Discussion

In these 15 years, we have made a series of investigations in pursuit of the

improvement of the clinical results of ACL reconstruction. In our clinical evalua-

tions, the knee stability has been gradually but significantly improved by develop-

ment of anatomic double-bundle ACL reconstruction procedure and by

preservation of the ACL remnant tissue with this procedure. To each study, there

may be a criticism that a mean improvement in knee laxity is small and not

clinically meaningful for the patient, even though it is statistically significant.

However, this improvement does not mean that the postoperative knee laxity was

improved only by the mean improvement value in each knee. The significance in

the chi-square test indicates that we should regard the mean improvement as

resulting from the finding that each reconstruction procedure could significantly

increase the number of the knees with normal knee laxity. In addition, the knees

with negative pivot-shift test results were also significantly increased by each

development. In our short-term evaluations, the significantly better knee stability

in the remnant-preserving group did not result in significantly better results on

subjective evaluation. However, this does not mean that the improvement in knee

stability was meaningless for the patients with ACL reconstruction. It is clinically

important to restore normal knee stability because less than normal knee stability

may cause meniscal injuries and osteoarthritic changes in the long term after ACL

reconstruction, resulting in reduction of functional results. The significant superi-

ority in knee stability may result in possible superiority in future subjective and

functional evaluations. In addition, we should remember that all of the patients who

underwent ACL reconstruction simply hoped to achieve the same stability and

functionality as in their contralateral knee. We believe that one of the final goals of

ACL reconstruction is the complete restoration of normal knee stability in all

patients. The anatomic double-bundle ACL reconstruction with preservation of a

sufficient amount of remnant tissue can bring the clinical results of ACL recon-

struction closer to the ideal goal. In addition, we expect that proprioceptive func-

tions of the reconstructed knees are better in the remnant-preserved knees.
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Chapter 26

Triple-Bundle ACL Reconstruction

with the Semitendinosus Tendon Graft

Yoshinari Tanaka, Konsei Shino, and Tatsuo Mae

Abstract Recent improvement in operative technique and understanding of the

normal anatomy have enabled us to perform the anatomic double-bundle ACL

reconstruction. According to the previous reports on the functional anatomy and

biomechanics of the ACL, however, it could be divided into three bundles. To more

precisely mimic the fiber alignment of the normal ACL, the anatomic triple-bundle

ACL reconstruction has been developed. Successful results following the triple-

bundle ACL reconstruction depend on several points which include tunnel aper-

tures inside the attachment areas, proper graft preparation, and appropriate graft

tensioning and fixation. As a result, the triple-bundle procedure has become one of

the best techniques to closely mimic the morphology of the native ACL and to

restore the stability and the normal tibiofemoral relationship. However, there still

remains the problem of graft rupture, and improved preventive training is required

to avoid tear of the graft.

Keywords ACL • Triple bundle • Anatomic reconstruction

26.1 Introduction

Anterior cruciate ligament (ACL) reconstruction using hamstring tendon graft has

become popular because of improvement in operative technique, which made it

possible to perform anatomic double-bundle ACL reconstruction [1, 2]. The

double-bundle procedure to mimic the normal anatomy of the ACL showed bio-

mechanically superior performances [3, 4] to the traditional Rosenberg’s 1 or

2 femoral sockets (“bi-socket”) procedure and could have resulted in more
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favorable clinical results [5]. Although closely mimicking the normal structure is

reasonable to restore normal knee function, the authors have found no graft

implanted into the anterolateral portion of the tibial footprint in the double-bundle

ACL reconstruction (Fig. 26.1).

According to the previous reports on the functional anatomy of the ACL,

however, it could be divided into three bundles: the anteromedial (AM), the

intermediate (IM), and the posterolateral (PL) [6, 7]. Additionally, it is well-

known that the natural ACL forms a crescent-shaped footprint on the femur and a

triangular one on the tibia. Furthermore, a recent macroscopic study by Siebold

et al. showed that the “C”-shaped tibial insertion runs from along the medial tibial

spine to the anterior aspect of the lateral meniscus [8].

Accordingly, one of the authors (KS) developed the triple-bundle ACL recon-

struction in 2004, which divided the “anteromedial graft” in the anatomic double-

bundle ACL reconstruction into further two bundles (the AM and the IM grafts) to

form a triangular shape in the tibial attachment [9]. In this chapter, we describe the

concept and the technique of the triple-bundle ACL reconstruction.

AMIM

PL

A

B

C

Fig. 26.1 (a) Triple bundles of the native ACL of the right knee. AM anteromedial bundle, IM
intermediate bundle, PL posterolateral bundle. (b) Double-bundle reconstruction. Note the graft

defect in the anterolateral portion of the tibial footprint (black arrowheads). (c) Triple-bundle
reconstruction. The intermediate graft occupies the anterolateral space (black arrows)
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26.2 Anatomical and Biomechanical Considerations

26.2.1 Why Triple Bundle?

26.2.1.1 Functional Three Bundles of the Native ACL

According to the previous reports on the functional anatomy of the ACL, it could be

divided into three bundles: the anteromedial (AM), the intermediate (IM), and the

posterolateral (PL) [6, 7, 10]. Actually, as we could observe these three bundles

arthroscopically (Fig. 26.1a), we felt something lacking around the anterolateral

portion of the tibial footprint when we performed the double-bundle ACL recon-

struction (Fig. 26.1b). Macroscopic investigation of the arrangement of three ACL

bundles by Otsubo et al. revealed that all three bundles ran parallel to each other in

knee extension, while the bundles became twisted around each other as the knee

flexion increased [10], as described in Chap. 2. Additionally, ultrastructure is

different among these three bundles: The AM bundle predominantly includes

thick, unidirectionally oriented fibrils like tendons, while the PL bundle consists

of thinner, multidirectionally oriented fibrils. The IM bundle shows an intermediate

structure between the AM and the PL [11]. Furthermore, a biomechanical study by

Fujie et al. clarified all three bundles functional, as described in Chap. 6. In brief,

the AM bundle is the primary stabilizer to tibial anterior drawer through a wide

range of motion, while the IM bundle is the secondary stabilizer in deep flexion

angles. The PL bundle is the crucial stabilizer to hyperextension as well as tibial

anterior drawer at full extension [12]. These results indicate that the functional three

bundles should be reconstructed to restore the stability of the normal knee.

26.2.2 Femoral and Tibial Attachment of the ACL

ACL bundle insertion site anatomy as an implication of multi-bundle reconstruction

is precisely described in Chap. 2 and mentioned briefly in this chapter. In terms of

the femoral attachment, a microscopic analysis by Iwahashi et al. clarified that the

direct insertion of the ACL was located in the fovea between the “resident’s ridge”
and the articular cartilage margin of the lateral femoral condyle [13, 14]

(Fig. 26.3a). The result was ascertained by the other authors [15]. In terms of the

location of the femoral tunnels, we usually create the femoral tunnels near the

posterior cartilage margin within the footprint (Fig. 26.3b, c) because the femoral

tunnels translated anteriorly and distally at the aperture after the anatomic triple-

bundle ACL reconstruction [16]. In terms of the tibial attachment, the “Parson’s
knob” (AIR: the anterior intercondylar ridge of the tibia) is recognized as the

anterior border of the ACL [17, 18]. Posteriorly, Girgis et al. described that the

most posterior fibers attached to the lower part of the anterior surface of the tibial

eminence and the base of the tibial spine is used as the posterior border
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[19]. Medially, some reports showed that the ACL was confluent with the apex of

the medial intercondylar ridge (MIR) of the tibia [20–22]. Laterally, the fibers of the

ACL blend with those of the anterior attachment of the lateral meniscus, and it has

been thought to be the landmark for the ACL footprint. Furthermore, recent report

by Siebold et al. revealed that the fiber of the attachment of the lateral meniscus was

distinguishable from the ACL tibial attachment and it can be thought to be the

lateral border [8].

26.3 Operative Technique

26.3.1 Positioning

We recommend the operative leg to be placed in a leg holder to keep the distal thigh

horizontal, which enables us to obtain consistent and excellent visualization of the

femoral attachment area through the anteromedial portal.

26.3.2 Graft Harvest and Preparation

For autogenous grafting, the entire semitendinosus tendon is harvested through a

4-cm oblique skin incision medial to the tibial tubercle. The tendon is transversely

cut in two halves to create two double-looped grafts 55–70 mm in length and

5–6 mm in diameter. According to the difference between the AM and the PL

bundle of the native ACL [23], we usually prepared the AM/IM graft is 5–7 mm

longer than the PL graft. Next, an ENDOBUTTON CL (Smith & Nephew Endos-

copy, MA) is connected to the loop end, and braided polyester or polyester sutures

(#3–5) are placed in each free end of the graft using the baseball glove or whip

stitches (Fig. 26.2).

26.3.3 Femoral Tunnel Preparation

For consistent creation of the bone tunnels, it has been our policy to directly

visualize the anatomical landmarks, which include the resident’s ridge and the

posterior cartilage margin. While the posterior third of the lateral wall of the

intercondylar notch is viewed through the anteromedial portal, the residual fibrous

tissue around the femoral footprint is thoroughly removed using a radiofrequency

device through the far anteromedial (FAM) portal, which is 2–2.5 cm posterior to

the anteromedial portal and just above the medial meniscus [9, 24]. After clearing

of the footprint, the anatomical landmarks and the bony attachment area are

identified, followed by marking for the AM and the PL tunnels with a chondral
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pick. The mark for the AM is usually created at the level of the superior margin of

the articular cartilage, and the PL is anterodistal to the AM. Next, two 2.4-mm

guide pins are inserted from the lateral femoral cortex to the marked points using

the anterolateral entry femoral aimer (# 6901189 or 7210984, Smith & Nephew,

Andover, MA) (Fig. 26.3). Then each wire is over-drilled with a drill bit of

appropriate diameter (5–6 mm in diameter) through a 7-mm skin muscle-protective

cannula (Smith & Nephew #6901106).

26.3.4 Tibial Tunnel Preparation

While the tibial attachment area is viewed through the anteromedial portal, the

remnant of the tibial footprint is removed to expose the slope of the MIR. After

identification of the tibial attachment area, a 2.4-mm guide pin is inserted using a

tibial drill guide set at an angle of 45� (Smith & Nephew #7205519) from the

anterior tibial cortex to the center of the attachment, which is located between the

Parson’s knob and the posterior margin of the LM attachment. The pin is over-

drilled with a 10-mm drill bit to remove the anterior cortex. Then, three parallel

guide pins were inserted using the 10-mm offset parallel pin guide (Smith &

Nephew #E0014050-7) (Fig. 26.4b, c). According to the recent studies for the tibial

footprint [8, 20, 22], we prefer to insert the guide pins of the AM and PL just lateral

to the apex of the MIR. Furthermore, we recommend that the position of the guide

wires is checked by X-ray, followed by over-drilling with a drill bit of appropriate

diameter (5–6 mm in diameter).

Endo-buttons

DSP + Screw

Pullout
sutures

A B

AM/IM PL
AM/IM

PL

Fig. 26.2 Anatomic triple-bundle ACL reconstruction. (a) Schema of the procedure. (b) Prepared

grafts. A bifurcated AM/IM graft is 5–7 mm longer than a looped PL graft (Modified from Ref. [18])
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B C

A
Resident’s ridge

Posterior 
cartilage margin

Upper 
cartilage margin

Fig. 26.3 Femoral tunnel creation. (a) Femoral attachment area and its three landmarks. (b, c)

The two femoral tunnels are located just anterior to the posterior cartilage margin (Modified from

Ref. [18])

A

C D

PL

IM
AM

B

Fig. 26.4 (a) Tibial attachment of the three ACL bundles. Dotted line: MIR, Arrowheads: the
anterior horn of the lateral meniscus. (Redrawn from Ref. [10]) (b) Parallel pin guide (Smith &

Nephew #E0014050-7). (c, d) Three tibial tunnels. Two tunnels for the AM and PL are created just

lateral to the apex of the MIR (Redrawn from Ref. [18])
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26.3.5 Graft Passage and Femoral Fixation

The PL looped graft with the ENDOBUTTON CL on the top is introduced through

the posterior tibial tunnel to the lower femoral tunnel and fixed to the femur by

turning the button. The loop end with the ENDOBUTTON CL for AM/IM graft is

passed through the FAM portal to the upper femoral tunnel and fixed with the

button. Each free end of the AM/IM graft is introduced into the joint and passed into

the anterolateral tibial tunnel as the IM graft and into the anteromedial tunnel as the

AM graft in an inside-out fashion.

26.3.6 Tibial Fixation

To control the initial tension of the graft fixation, the authors prefer to use two double

spike plates (DSP; Meira Corporation, Aichi, Japan) [25] and a metal tensioning boot

(Meira Corporation) (Fig. 26.5). First, the PL graft sutures are manually tensioned

and tied to a DSP of small size. Then, the AM and IM graft sutures are also tensioned

and tied to the other DSP. These DSPs are tied to the tensioners installed in the

tensioning boot, and the creep of each graft is removed by repetitive strong manual

pulling for 5 min under a total initial tension of 20 N at 20� of knee flexion. Finally,
the grafts are fixed to the tibia with DSPs and two cancellous screws.

Installed
tensioners

Tensioning suturesDSP

Tensioning Boot

Fig. 26.5 Tibial fixation with tensioning boot system. After removing the creep of the grafts by

repetitive manual pulling of tensioning sutures, the grafts are fixed to the tibia with DSPs and two

cancellous screws (Courtesy Pr. Shino K)
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26.3.7 Postoperative Rehabilitation

Postoperatively, the knee is immobilized at 10� flexion with a brace for 2 weeks,

followed by ROM exercise. Partial weight-bearing was allowed at 3 weeks, followed

by full weight-bearing at 4 weeks. Full extension or flexion exceeding 130� is not

allowed until 5 weeks. Jogging was allowed at 3 months and running was permitted at

4 months, followed by return to strenuous sports activity at 8–10 months.

26.4 Clinical Studies of the Triple-Bundle Procedure

26.4.1 Morphology

The second-look arthroscopy showed that the transplanted triple-bundle grafts had

a “fan-out” shape like the native ACL as was ascertained by MRI [26] (Fig. 26.6).

An anatomically placed triple-bundle graft revealed no synovial defect in its

anterior aspect, which had been seen in the isometric single-bundle reconstruction

[27]. However, there were substantial damages in 10% of the PL grafts as seen in

cases of the anatomical double-bundle ACL reconstruction [1]. In addition, poor

synovial coverage was observed in 41% of the PL grafts around the femoral tunnel

aperture. As the relatively poor results in the PL graft might be due to its greater

length change during extension-flexion movement [23], decrease in the initial

tension at the graft fixation and improvement of the rehabilitation program could

improve these weak points.

A B

Fig. 26.6 Arthroscopic views of the multi-bundle ACL grafts. (a) A triple-bundle graft. Note the

“fan-out” morphology approaching to the tibial attachment (double-headed arrows). (b) A double-

bundle graft. Its anterior portion around the tibial attachment looks narrower (double-headed
arrows). The white arrows show boundary between the anterior portion and the posterolateral of

the graft (Redrawn from Ref. [26])
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26.4.2 Biomechanics

Soft tissue grafts including hamstring tendon graft shift anteriorly in the femoral

tunnel and posteriorly in the tibial tunnel in ACL-reconstructed knees, when

anterior tibial load is applied. Thus, the more posteriorly the femoral tunnel and

the more anteriorly the tibial tunnel are created inside the attachment areas, the

closer the graft runs to the native ACL. Consequently, the graft could more

efficaciously control instability due to loss of ACL. Moreover, it is important to

maximize the contact area between tunnel wall and the graft, as the graft acts

efficaciously to resist anterior drawer force. Thus the multiple tunnel reconstruction

is advantageous over the single one.

Comparing the triple-bundle technique with the single- or the double-bundle

one, the smaller diameter tunnels are created within the precise ACL footprint in the

triple-bundle technique. With this technique, two separate smaller femoral tunnels

can be created more posterior and superior compared to single-bundle ACLR, and

three tibial tunnels can be created more anterior than single- or double-bundle one.

We previously compared the anterior laxity immediately after the anatomic triple-

bundle (ATB) ACL reconstruction with that after the anatomic double-bundle

(ADB) procedure under initial tension of 20 N at 20� at the time of graft fixation

[28]. Then the anterior laxity measured with KT knee arthrometer under 89 N of

anterior tibial load in the ATB ACL reconstruction was significantly smaller than

that in the ADB, and the side-to-side difference of the laxity in ATB (average:

�4.2 mm) was greater than that in the ADB (average: �3.2 mm), demonstrating

significant difference. Therefore, ATB procedure can achieve better immediate

postoperative anterior knee stability compared to the ADB and is more efficacious

to control the anterior knee laxity. Thus we could reasonably assume that the graft

can be safely fixed with initial tension of 10 N at 20� in ATB procedure; as we

reported the minimally required initial tension at graft fixation in the ADB proce-

dure was 20 N [29].

26.4.3 Postoperative Tibiofemoral Relationship

The goal of the ACL reconstruction includes restoration of the normal tibiofemoral

relationship, which is expected to prevent the onset of the postoperative degener-

ative change. Although several previous reports showed that the tibiofemoral

relationship was abnormal following the ACL reconstruction [30–32], a few reports

on the anatomic double-bundle reconstruction revealed that the procedure could

restore the normal knee kinematics in vivo [33–35].

In terms of the tibiofemoral relationship after the triple-bundle reconstruction,

Matsuo et al. analyzed the knees with preoperative and postoperative CT images

[36]. Preoperatively, the tibia was located anteriorly by 1.4� 0.9 mm and rotated

internally by 2.1� 1.7�. Although the tibia was over-constrained posteriorly by
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2.0� 1.2 mm and rotated externally by 3.4� 3.5� at 3 weeks, it regained the normal

position at 6 months postoperatively. According to these good clinical results, this

procedure may be useful for prevention of osteoarthritis following the ACL

reconstruction [37].

26.5 Special Considerations

Although anatomic ACL reconstruction with hamstring tendon graft has made it

possible for many young and highly active athletes to return to previous sports

without major complications, there still remains a problem of graft rupture which

has tended to occur 6–12 months postoperatively [38–40].

Although many physicians allow athletes to return to previous sports in this

period, successful return to sports activity is multifactorial [41], and a rational

rehabilitation protocol in which multiple factors are taken into account may be

required. At the same time, physicians should give the athletes an instruction that

remodeling process of the ACL graft is still proceeding in this period [42–45] and

advise them to avoid re-injury by risk management measures.

26.6 Summary

Recent improvement in operative technique and understanding of the normal

anatomy has enabled us to perform the anatomic double-bundle ACL reconstruc-

tion. To more precisely mimic the fiber alignment of the normal ACL, the anatomic

triple-bundle ACL reconstruction has been developed. Successful results following

the triple-bundle ACL reconstruction depend on several points which include

tunnel apertures inside the attachment areas, proper graft preparation, and appro-

priate graft tensioning and fixation. As a result, the triple-bundle procedure has

become one of the best techniques to closely mimic the morphology of the native

ACL and to restore the stability and the normal tibiofemoral relationship. However,

there still remains a problem of graft rupture and improved preventive training is

required to avoid tear of the graft.
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Chapter 27

History and Advantages of ACL

Augmentation

Mitsuo Ochi and Atsuo Nakamae

Abstract Anterior cruciate ligament (ACL) augmentation (remnant-preserving

ACL reconstruction) has attracted much attention in the field of ACL reconstruc-

tion, because preservation of the ACL remnant may be beneficial in terms of

proprioception, biomechanical functions, and vascularization of the graft. Several

ACL augmentation techniques, including selective anteromedial or posterolateral

bundle reconstruction and the remnant retensioning technique, have been

described. There are five different augmentation procedures for ACL remnant

preservation. ACL augmentation is used not only for partial rupture of the ACL

but also for complete rupture. It is important to know the history and clinical results

of ACL augmentation, in order to precisely understand the current status of this

surgery. This chapter shows the potential advantage and history of ACL augmen-

tation. In addition, we reviewed the current evidence to see whether ACL augmen-

tation could obtain better clinical results than the standard single- or double-bundle

ACL reconstruction. We believe that the augmentation technique can be a good

treatment option for patients whose ACL remnants have certain characteristics.

Keywords Anterior cruciate ligament (ACL) • Augmentation • Remnant

preservation • Knee • Review

27.1 ACL Augmentation and Its Potential Advantage

Anatomic anterior cruciate ligament (ACL) reconstruction has received attention

from orthopedic surgeons. Restoration of normal biomechanical function is one of

the essential factors for successful ACL reconstruction. However, early biological

healing of the graft is also vital to obtaining satisfactory clinical results after ACL
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reconstruction. Accelerated graft remodeling, ligamentization, and reinnervation of

the grafted tendon are necessary, not only for early return to sporting activities but

also for reliable remodeling of the graft.

In patients with ACL injury, arthroscopic examination occasionally demon-

strates a relatively thick and abundant ACL remnant maintaining a bridge between

the tibia and the intercondylar notch. In almost half of these cases, the femoral

attachment of the ACL remnant is positioned abnormally. This represents a com-

plete rupture of the ACL. However, sometimes we observe a partial rupture of the

ACL. In these cases, although complete rupture of the anteromedial (AM) or

posterolateral (PL) bundle can be seen, the other bundle is preserved, if not

normally, with an attachment of anatomical femoral origin. In standard single- or

double-bundle ACL reconstruction, this ACL remnant is totally debrided, in order

to enable clear visualization of the femoral and tibial bone tunnels. However, many

orthopedic surgeons are not fully satisfied with the clinical results of standard ACL

reconstruction and have searched for better surgical methods. One approach is

remnant-preserving ACL reconstruction by means of ACL augmentation [1, 2],

which has the following potential advantages:

27.1.1 Proprioceptive Function

It is known that the ACL has an important proprioceptive function for the knee and

that human ACL remnants contain several types of mechanoreceptors. When an

ACL remnant is preserved during surgery, these mechanoreceptors in the ACL

remnant may contribute to the proprioceptive function of the knee [3–6]. Adachi

and Ochi et al. [3] showed significantly better results for ACL augmentation than

for conventional ACL reconstruction in terms of the knee’s proprioceptive function.
Recently, Nakamae and Ochi et al. [7] reported that patients in the ACL augmen-

tation group exhibited better synovial coverage of the graft upon second-look

arthroscopy than those in the single- and double-bundle reconstruction groups,

and improvement in proprioceptive function was observed in patients with good

synovial coverage of the graft.

27.1.2 Biomechanical Function

Several studies have shown that the ACL remnant can contribute to biomechanical

stability of the knee [8, 9]. Crain et al. [8] investigated the relationship between the

ACL remnant’s morphological pattern and anterior laxity. The morphological

pattern was classified as having one of four types: scarring to the PCL, scarring to

the roof of the notch, scarring to the lateral wall of the notch in a position anterior

and distal to the anatomic footprint of the ACL, and no identifiable ligament tissue

remaining. The greatest increase in anterior laxity following resection of the
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remnant was observed in knees in which the injured ACL made an aberrant

reattachment to the femur. We investigated whether ACL remnants make a

biomechanical contribution to anteroposterior and rotational knee stability in

patients with complete rupture of the ACL [9]. In this study, we found that

ACL remnants contributed to anteroposterior knee stability when evaluated at

30� knee flexion for up to 1 year after injury, beyond which this biomechanical

function was lost. However, the ACL remnant made no contribution to rotational

knee stability at any stage after injury. Therefore, when the ACL remnant is

preserved during surgery, the ACL remnant may contribute to anteroposterior

knee stability, thus ensuring mechanical strength in the early postoperative

period.

27.1.3 Revascularization and Ligamentization of the Grafted
Tendon

Preservation of the ACL remnant may accelerate revascularization and

ligamentization of the grafted tendon. An experimental animal study showed

greater cellularity and angiogenesis in augmented grafts than in conventionally

reconstructed grafts and concluded that selected ACL augmentation promotes

tendon graft healing, which appears to result in further mechanical strength of the

bone-tendon bone complex [10].

27.2 History and Clinical Results of ACL Augmentation

As outlined above, preservation of the ACL remnant may contribute to knee

function from several points of view. Therefore, Ochi considered it beneficial to

perform remnant-preserving ACL reconstruction by using ACL augmentation, in

terms of its proprioceptive and biomechanical functions. Furthermore, the ACL

remnants likely provide more rapid vascularization to the graft. Since 1992, Ochi

has been performing ACL augmentation, when indicated, without sacrificing the

ACL remnant by using an autogenous semitendinosus tendon under arthroscopy. In

2000, Adachi and Ochi et al. [1] reported that the joint stability and proprioceptive

function of 40 patients who underwent arthroscopy-assisted ACL augmentation

were superior to those of 40 patients who underwent standard single-bundle ACL

reconstruction during the same period. However, the early surgical procedure of

ACL augmentation needed two incisions at the medial aspect of the proximal tibia

and also at the lateral femoral condyle because the graft was passed through the

over-the-top route for the femoral side. In 1996, Ochi started performing ACL

augmentation with the one-incision technique using EndoButton-CL and

documenting it as a report in 2006 [2]. During this study, the main indication for
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ACL augmentation was partial rupture of the ACL (Figs. 27.1 and 27.2), with the

indication for ACL augmentation comprising 10% of all ACL reconstruction cases.

In cases of partial rupture, although single-bundle reconstruction of the ruptured

bundle is desirable to minimize damage to the femoral attachment of the remaining

bundle, surgeons should keep in mind that the remaining AM or PL bundle is not

completely intact and that the biomechanical function of the remaining bundle

probably declines to some extent. In 2008, we started performing ACL augmenta-

tion even for patients with continuity of the ACL remnant between the tibia and the

femur after complete rupture of the ACL (Fig. 27.3). In this complete rupture group,

indication for the procedure comprises cases whose ACL remnant maintains a

ligamentous bridge between the tibia and the intercondylar notch. Anatomic central

single-bundle ACL augmentation is carried out for patients in this group. We also

Fig. 27.1 (a): Partial rupture of the posterolateral (PL) bundle (black arrow). The anteromedial

(AM) bundle (white arrow) of the ACL was well preserved although the remaining AM bundle is

not completely intact. (b): AM bundle preserving ACL augmentation for rupture of the PL bundle

(white arrow, grafted tendon; black arrow, preserved AM bundle)

Fig. 27.2 (a): Partial rupture of the anteromedial (AM) bundle (black arrow). The posterolateral
(PL) bundle (white arrow) of the ACL was well preserved although the remaining PL bundle was

not completely intact. (b): PL bundle preserving ACL augmentation for rupture of the AM bundle

(black arrow, grafted tendon; white arrow, preserved PL bundle)
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perform double-bundle reconstruction with the remnant-preserving technique and

single-bundle augmentation using a quadriceps tendon-patellar bone autograft.

27.2.1 Clinical Studies

Since 2006, ACL augmentation has attracted much attention in the field of ACL

reconstruction (Table 27.1). Several ACL augmentation techniques, including

selective AM or PL bundle reconstruction, the remnant retensioning technique,

and preservation of the ACL tibial remnant have been described. It is important to

know the history and clinical results of ACL augmentation, in order to precisely

understand the current status of this surgery. To summarize the clinical outcomes of

patients undergoing ACL augmentation, an online search was performed using a

PubMed (1983–2014). The search terms included (anterior cruciate ligament recon-

struction AND (augmentation OR preserving OR preservation)). Inclusion criteria

are as follows: (1) a clinical study of ACL augmentation, (2) primary ACL

reconstruction under arthroscopy, (3) and autograft or allograft used for augmen-

tation. Technical notes were also included. Exclusion criteria are as follows:

(1) literature review, current concepts, or case reports and (2) animal study.

Table 27.1 shows studies reporting arthroscopic remnant-preserving augmentation

in ACL reconstruction. There are five different procedures for ACL remnant

preservation: (1) anatomic single-bundle ACL augmentation preserving ACL rem-

nant for complete rupture, (2) anatomic double-bundle ACL augmentation preserv-

ing ACL remnant for complete rupture, (3) single-bundle ACL reconstruction with

remnant-tensioning technique, (4) selective AM or PL bundle augmentation for

partial rupture, and (5) standard ACL reconstruction plus tibial remnant sparing.

The ACL remnant in (1) and (2) maintains a bridge between the tibia and the

intercondylar notch.

Fig. 27.3 (a): Complete rupture of the ACL. The ACL remnant maintained a bridge between the

tibia and the intercondylar notch. (b): Anatomic central single-bundle ACL augmentation for

complete rupture of the ACL (black arrow, grafted tendon; white arrow, preserved ACL remnant)
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Table 27.1 Studies reporting remnant-preserving augmentation in ACL reconstruction

Study Study design

Patient

number*

Patient’s
age

(years) *

Time from injury

to reconstruction

(months) *

Mean

follow-up

(months)*

Adachi and Ochi

et al. (2000) [1]

Retrospective

comparative

study

40 25.8 4.2 38

Ochi

et al. (2006) [2]

Technical

note

17 31 Not reported Not

reported

Lee BI

et al. (2006) [11]

Technical

note

Not

reported

Not

reported

Not reported Not

reported

Buda

et al. (2006) [12]

Case series 47 23.3 4.5 (More

than 60)

Gohil

et al. (2007) [13]

Randomized

controlled

trial

22 30.5 2 12

Buda

et al. (2008) [14]

Case series 28 32.3 Not reported 27

Lee BI

et al. (2008) [15]

Case series 16 35.1 5.5 35.1

Ochi

et al. (2009) [16]

Case series 45 22 7.9 35

Yoon

et al. (2009) [17]

Retrospective

comparative

study

82 28 7 24

Ahn

et al. (2009) [18]

Technical

note

65 Not

reported

Not reported Not

reported

Kim SJ

et al. (2009) [19]

Technical

note

21 Not

reported

Not reported 12

Ahn

et al. (2010) [20]

Cohort study 41 29.2 36.1 6.3

Sonnery-Cottet

et al. (2010) [21]

Case series 36 32 6.6 24

Serrano-

Fernandez

et al. (2010) [22]

Case series 24 25 3 74

Ahn

et al. (2011) [23]

Case series 53 32.2 28.2 27.7

Jung

et al. (2011) [24]

Retrospective

comparative

study

76 32 2.5 31

Ochi

et al. (2011) [25]

Technical

note

Not

reported

Not

reported

Not reported Not

reported

Pujol

et al. (2012) [26]

Randomized

controlled

trial

29 31.24 5.3 (More than

12)

Hong

et al. (2012) [27]

Randomized

controlled

trial

39 34 10.3 25.8

(continued)
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Table 27.1 (continued)

Study Study design

Patient

number*

Patient’s
age

(years) *

Time from injury

to reconstruction

(months) *

Mean

follow-up

(months)*

Ohsawa

et al. (2012) [28]

Case series 19 (15 to 57) 4.8 40.2

Yasuda

et al. (2012) [29]

Case series 44 29 4 16.6

Park

et al. (2012) [30]

Retrospective

comparative

study

55 30.4 7.0 34.1

Demira�g
et al. (2012) [31]

Randomized

controlled

trial

20 28 2.3 24.3

Sonnery-Cottet

et al. (2012) [32]

Case series 168 30 3 26

Cha

et al. (2012) [33]

Retrospective

comparative

study

100 31.9 Not reported Not

reported

Muneta

et al. (2013) [34]

Cohort study 88 22.1 6.7 (More than

24)

Kazusa and Ochi

et al. (2013) [35]

Technical

note

Not

reported

Not

reported

Not reported Not

reported

Maestro

et al. (2013) [36]

Retrospective

comparative

study

39 28.1 1 31.7

Buda

et al. (2013) [37]

Case series 52 23.3 4.3 (Up to 60)

Abat

et al. (2013) [38]

Case series 28 30.4 2 37.3

Nakamae and

Ochi

et al. (2014) [7]

Retrospective

comparative

study

73 26.6 Not reported 28.9

Zhang

et al. (2014) [39]

Randomized

controlled

trial

27 23.5 12.7 24.4

Lee YS

et al. (2014) [40]

Retrospective

comparative

study

16 30.6 Not reported 29.5

Ahn

et al. (2014) [41]

Technical

note

Not

reported

Not

reported

Not reported Not

reported

Noh

et al. (2014) [42]

Technical

note

Not

reported

Not

reported

Not reported Not

reported

Sonnery-Cottet

et al. (2014) [43]

Technical

note

Not

reported

Not

reported

Not reported Not

reported

Muneta

et al. (2014) [44]

Cohort study 200 Not

reported

Not reported Not

reported

(continued)
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27.2.2 Clinical Outcomes

13 clinical studies which compared the outcomes of ACL augmentation techniques

with those of the standard ACL reconstruction technique were selected from among

studies in Table 27.1 (Tables 27.2 and 27.3). Table 27.2 shows the ACL remnant

characteristics and type of graft in each study. Table 27.3 shows clinical outcomes

in each study. Ten studies [1, 7, 13, 17, 26, 27, 30, 36, 39, 40] evaluated the side-to-

side difference in instrumented knee-laxity testing (anterior displacement of tibia).

Three of the studies showed that patients in the ACL augmentation group exhibited

better anteroposterior knee stability than those in the single-bundle reconstruction

group [1, 7, 26]. The remaining seven studies concluded that there was no signif-

icant difference between the groups at final follow-up. Three studies reported

similar anteroposterior knee stability between the ACL augmentation group and

double-bundle reconstruction group [7, 30, 40]. Ten studies [1, 7, 17, 26, 27, 30, 31,

36, 39, 40] reported data on the clinical scores, and nine studies [1, 7, 17, 26, 27, 30,

31, 36, 40] evaluated results of the pivot shift test. None of the studies indicated that

there were significant differences between the groups at final follow-up.

27.3 Conclusions

The ACL augmentation techniques have potential advantages in terms of the

proprioceptive function of the knee, biological healing of the graft, and contribution

to knee stability. Although appropriately powered randomized controlled trials and

a longer follow-up period are necessary before a definitive conclusion can be

reached, we believe that ACL augmentation is a valuable procedure.

Table 27.1 (continued)

Study Study design

Patient

number*

Patient’s
age

(years) *

Time from injury

to reconstruction

(months) *

Mean

follow-up

(months)*

Kim MK

et al. (2014) [45]

Retrospective

comparative

study

66 30 3 27

Taketomi

et al. (2014) [46]

Technical

note

47 31 4 Not

reported

*Augmentation group only
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Table 27.2 Clinical studies which compared the ACL augmentation techniques with the standard

ACL reconstruction technique

Study Conditions of ACL remnant for augmentation Type of graft

Adachi and Ochi

et al. (2000) [1]

ACL remnant bridging the femur and tibia,

with a diameter from 1/3 to 1/2 that of the

normal ACL

Autogenous hamstring ten-

dons or allogenic fascia lata

Gohil

et al. (2007) [13]

Autologous hamstring

tendons

Yoonetal.(2009)

[17]

ACL remnant bridging the femur and the tibia

anatomically, with a thickness of more than

50% of that of the AM or PL bundle and laxity

of less than 5 mm when drawn by a probe

Autologous hamstring

tendons

Ahn

et al. (2010) [20]

ACL remnant that could be tensioned toward

the femoral bone tunnel

Autologous hamstring

tendons

Pujol

et al. (2012) [26]

Partial ACL tear; a well-inserted PL bundle Autologous hamstring ten-

dons or bone patellar ten-

don bone

Hong

et al. (2012) [27]

The remnant could be pulled to reach the fem-

oral ACL insertion, and the remnant diameter

was more than half of the native ACL

Allogeneic tibialis anterior

or hamstring tendon

Park

et al. (2012) [30]

Attachment of the remnant bundle between

the femur and tibia, the thickness of the ACL

exceeding more than 50% of that of the AM

or PL bundle, and laxity of less than 5 mm

when drawn by a probe

Autologous hamstring

tendons

Demira�g
et al. (2012) [31]

ACL remnant with more than one half of its

integrity preserved, bridging the tibia and

femur, and elongated no more than one half of

its length

Autologous hamstring

tendons

Cha

et al. (2012) [33]

ACL remnant that could be tensioned toward

the femoral bone tunnel

Autologous hamstring

tendons

Maestro

et al. (2013) [36]

Partial ACL tear; a healthy bundle with a

diameter equivalent to at least one third of the

original ACL was found, which was functional

after palpation with a hook probe showing

retention of its femoral and tibial insertions

Autologous hamstring

tendons

Nakamae

and Ochi

et al. (2014) [7]

Partial rupture of the ACL; ligamentous fibers

were seen to be in continuity from the femur to

the tibia, and the femoral attachment of those

fibers was within the anatomical femoral

insertion of the ACL

Complete rupture of the ACL; thick ACL

remnant (greater than one third of the original

size) maintaining a ligamentous bridge

between the tibia and femur and the femoral

attachment of the ACL remnant was posi-

tioned nonanatomically

Autologous hamstring

tendons

Zhang

et al. (2014) [39]

Autologous hamstring

tendons

Lee YS

et al. (2014) [40]

Partial ACL tear; there was a relatively intact

bundle during surgery

Autologous hamstring

tendons

AM, anteromedial; PL, posterolateral
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Chapter 28

Surgical Technique of ACL Augmentation

Masataka Deie

Abstract Remnants of ACL have been reported to promote recovery of proprio-

ceptive functions in a graft, resulting in the technique of ACL augmentation

becoming accepted widely. We recommend that ACL augmentation is performed

in the following cases: ACL remnant retained as a thick ACL remnant bridged

between the intercondylar notch and tibia, partial rupture of the PL bundle, and

partial rupture of the AM bundle. This procedure is usually performed using the

three-portal technique, involving the anterolateral, central anteromedial, and far

anteromedial (FAM) portals. The ACL femoral attachment is accessed anatomi-

cally through the FAM portal. To make the tibial bone tunnels, guide wires are

inserted at the tibial attachment of the ACL remnant and then are over-drilled,

making sure that the drill tip does not reach the ACL remnant fibers to minimize

damage. Then, a passage is created through the slit made in the ACL remnants.

After passing the graft tendon through the slit and checking the length change of the

graft during knee flexion, the graft is fixed to the tibia using two staples. Currently,

patients undergoing ACL augmentation go through the same postoperative reha-

bilitation as those undergoing ACL reconstruction.

Keywords Remnant • Augmentation • Mechanoreceptor • Far anteromedial portal

28.1 Objective

Restoration of normal biomechanical and biological function is the primary goal of

anterior cruciate ligament (ACL) reconstruction, with the double-bundle ACL

reconstruction considered to have greater potential to restore normal knee kinemat-

ics than the single-bundle technique [1, 2]. The double-bundle method aims to

reconstruct both the anteromedial (AM) and posterolateral (PL) bundles of the

native ACL at their sites of insertion. However, recent studies indicate that central

anatomical single-bundle ACL reconstruction can also restore normal knee
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function biomechanically [3–5]. Several clinical studies have directly compared

these two reconstruction techniques, but have yielded conflicting results [1, 3, 5, 6].

It is established that early biological healing of the graft is an important and

essential factor in obtaining a satisfactory clinical result after ACL reconstruction.

An augmentation technique for treating the injured ACL has recently received

attention because preserving the ACL remnant has several potential advantages

[7–11]. The remnant of ACL can enhance the revascularization and cellular pro-

liferation of the grafted tissues and promote the recovery of proprioceptive func-

tions in the graft via reinnervation [12–19].

This chapter describes and illustrates our surgical technique of ACL

augmentation.

28.2 Indications

Defining the indications for ACL augmentation is crucial for attaining satisfactory

clinical results. Thus, the ACL remnant should be identified adequately before

surgery using magnetic resonance imaging (MRI) and three-dimensional computed

tomography (3D CT), with the final indication defined based on the arthroscopic

findings.

We can divide the types of ACL remnants suitable for ACL augmentations [19]

as follows (Fig. 28.1):

1. A thick ACL remnant remaining between the PCL and tibia, with complete loss

of the original site of attachment of the ACL to the femur

2. A thick ACL remnant bridging the intercondylar notch and tibia, with no

ligamentous continuous fibers in the normal attachment of the ACL to the femur

3. Partial rupture of the PL bundle

4. Partial rupture of the AM bundle

5. No substantial ACL remnants

Based on these categories, we believe that the indication for double-bundle ACL

augmentation surgery is type (2), while single-bundle ACL augmentation surgery

would be chosen for types (3) and (4). When the arthroscopic view shows type

(1) or (5), the anatomical ACL reconstruction will be performed.

28.3 Surgical Procedures

28.3.1 Arthroscopic Portal Placement

We generally use a three-portal technique using the anterolateral portal, central

anteromedial portal (CAM), and the far anteromedial portal (FAM) [20]. The

anterolateral portal is positioned above the lateral meniscus, adjacent to the lateral

border of the patellar tendon, and serves as a viewing portal for the tibial insertion,
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as well as a working portal. For creation of the FAM, 3D CT with specialized

software [Virtual Place Raijin (Aze Ltd., Tokyo, Japan)] is used for preoperative

assessment of the optimal position of the skin incision for this portal that allows the

femoral tunnels to be created within the confines of the anatomical ACL femoral

footprint (Fig. 28.2a), to avoid damaging the articular cartilage of the medial

femoral condyle (Fig. 28.2c) [21]. Usually the skin incision for this portal is located

just superior to the medial joint line about 2.5 cm medial to the medial border of the

Fig. 28.1 Classification of ACL remnant

Type 1: a thick ACL remnant remaining between the PCL and tibia. The normal attachment of the

ACL to the femur was entirely lost.

Type 2: a thick ACL remnant bridging the intercondylar notch and tibia. No ligamentous

continuous fibers are apparent in the normal attachment of the ACL to the femur.

Type 3: partial rupture of the PL bundle.

Type 4: partial rupture of the AM bundle.

Type 5: no substantial ACL remnants
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patellar tendon (Fig. 28.2b), and using this FAM portal for instrumentation allows

the CAM portal to be used for viewing the femoral insertion site of both the AM and

PL bundle and the lateral wall of the intercondylar notch [11, 22–26]. The CAM

portal is located above the joint line, adjacent to the edge of the inferomedial

portion of the patellar tendon. This portal can be used also as a viewing or working

portal [11, 22–26]. When the anterolateral portal is used as a viewing portal, the

CAM portal can be used to make a longitudinal slit in the ACL remnant to

accommodate the anatomically created tibial tunnels within the confines of the

ACL tibial foot print (Fig. 28.3).

Fig. 28.2 (a) This figure shows a typical 3D CT view represented using specialized software

[Virtual Place Raijin (Aze Ltd., Tokyo, Japan)]. Such imaging is used for preoperative assessment

of the optimal position of the skin incision for this portal that would allow creation of the femoral

tunnels within the confines of the anatomical ACL femoral footprint to avoid scuffing the articular

cartilage of the medial femoral condyle. Usually the skin incision for this portal is located just

superior to the medial joint line about 2.5 cmmedial to the medial border of the patellar tendon. (b)

FAM portal according to the 3D CT view. (c) Direction should be monitored when the guide

needle is inserted, to avoid cartilage damage

Fig. 28.3 Representation of the slit added to an ACL remnant using a No. 11 knife
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28.3.2 Arthroscopic Evaluation

We perform routine arthroscopic intra-articular inspections including the medial

and lateral menisci and cartilage through the anterolateral and FAM portals with a

45� oblique arthroscopy with the knee flexed at 90� to identify any remaining ACL

fibers and determine the nature of their attachment. For the arthroscopic diagnosis

of a partial rupture and/or the state of ACL remnant, arthroscopic examination

should be performed at various knee flexion angles to consider the different tension

patterns of the two bundles. The state of the PL bundle femoral insertion can be

evaluated with the knee in a figure-of-4 position for good visualization of the

femoral attachment to the PL bundle [15, 16, 18, 27].

28.3.3 Bone Tunnel Placement

The tunnel placements should be made based on the normal anatomical attachments

of ACL. Remnant preservation can be technically difficult, because it might

actually hinder visualization of the tip of the guide pin used as the first step in

creating the anatomical femoral and tibial tunnels

28.3.4 Femoral Bone Tunnel

Femoral bone tunnels are usually made through the FAM portal, which we consider

easier to drill through within the ACL posterolateral bundle anatomical footprint. In

fact, we extend the use of the FAM portal for anatomical creation of both femoral

tunnels within the confines of the native ACL femoral footprint. FAM was verified

intraoperatively by inserting a 23-gauge spinal needle under direct vision from the

anterolateral portal into the point predetermined by 3D CT (Fig. 28.2) and exam-

ining its relation to the cartilage of the medial femoral condyle. Then, after cleaning

the remaining portion of the anatomical femoral attachment site with a motorized

shaver or a curette, a passing pin was directed through the FAM portal at the ACL

anatomical femoral attachment sites for the AM and/or PL bundles. This passing

pin is then drilled through the femur to emerge on the lateral aspect of the thigh, and

after over-drilling with the 4.5-mm diameter EndoButton drill, the length of the

femoral tunnel is calculated. Then the femoral bone socket is created using a

cannulated reamer with the same diameter (usually 5–6 mm) as that of the proximal

portion of the doubled semitendinosus tendon graft. During creation of the femoral

tunnels through the FAM, the ACL remnant can be carefully retracted medially by a

probe introduced through the medial portal.

28 Surgical Technique of ACL Augmentation 353



28.3.5 Tibial Bone Tunnel

Harvesting the semitendinosus tendon to prepare the site for tibial tunnel creation is

then performed. At the medial site of the tibia, the periosteum is exposed and the

cortex of the tibia is explored, from the MCL attachment to the proximal of the

tibial tuberosity [15, 16]. First, two 2.0-mm Kirschner wires are inserted through

the anteromedial and the posterolateral portions of the slit made at the tibial

attachment of the ACL remnant using the Pro-trac ACL guide system (Acufex,

Smith & Nephew, Mansfield, MA) with an angle up to 63� to the tibial plateau to

allow visualization of the wire tip (Figs. 28.3 and 28.4). The transverse

intermeniscal ligament is used as a landmark for placement of the AM tibial tunnel

close to its posterior edge. The positions of the guide wires are then checked with

knee extension [28]. In a double-bundle augmentation, the PL tibial bundle tunnel

would be made just behind the AM tunnel, and the appropriate Kirschner wire then

over-drilled using a cannulated reamer to make a tibial tunnel with the same

diameter as that of the distal portion of the doubled semitendinosus tendon,

which was connected with EndoButton tape (Acufex, Smith & Nephew)

(Fig. 28.5). Damage to the ACL remnant from the arthroscopic probe through the

AL portal should be minimized while viewing through the AM and PL portal to drill

the tibial tunnel by ensuring the tip of the drill pit does not reach the ACL remnant

fibers.

28.3.6 Passing the Graft

Before the graft is passed into the bone tunnels, a passage is created through the

longitudinal slit made in the ACL remnant using a curved hemostat to avoid

impinging the reconstruction graft with the ACL remnant (Fig. 28.6).

Fig. 28.4 A 2.0-mm

Kirschner wire was inserted

through the slit made at the

tibial attachment of the

ACL remnant using the

Prot-trac ACL guide system

with an angle up to 63� to
the tibial plateau to allow

visualization of the tip of

the wire
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In a double-bundle ACL augmentation, a curved hemostat is carefully passed

through the slit in the midportion of the ACL remnant from the CAM portal to

create a passage to the intra-articular aperture of the femoral tunnels. Then, two

No. 5 Ethibond loops are passed through the FAM portal into the PL and AM

femoral tunnels, respectively.

In a single-bundle ACL augmentation, a curved hemostat is carefully passed

through the slit in the midportion of the ACL remnant to create a passage to the

intra-articular aperture of the PL or AM femoral tunnels, and then a No. 5 Ethibond

loop is passed into the femoral tunnel through the FAM portal.

Subsequently, each loop tie is retrieved by an arthroscopic grasper through the

PL and/or AM tibial tunnel. The AM graft substitute is then passed above the ACL

remnant, while the PL graft substitute only is passed through the slit in the ACL

remnant.

After selecting an appropriate size of EndoButton-CL (Acufex, Smith &

Nephew), the doubled semitendinosus tendon is connected with the EndoButton-

CL for the femoral side and EndoButton tape for the tibial side.

Fig. 28.6 This image

represents the intra-articular

view after the grafted

tendon was fixed. The

arrowhead shows the PL

bundle augmentation, and

the arrow indicates the

preserved ACL remnant

Fig. 28.5 Image showing

the AM and PL substitutes.

The upper panel shows the

AM substitute of 6.0 mm

diameter and 6 cm length;

the lower panel shows the

PL substitute of 5.5 mm

diameter and 6 cm length
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28.3.7 Fixing the Graft

After passing the graft tendon through the tibial tunnel and the femoral tunnel, the

graft is fixed to the lateral femoral cortex by flipping the EndoButton and pulling

the graft distally. Then the knee is fully extended in order to examine impingement

of the grafted tendons or preserved ACL remnant against the intercondylar notch.

When impingement is found, the ACL remnant is shaved partially to avoid the

possible development of cyclops lesion. After the length change of the graft during

knee flexion is finalized, the EndoButton tape connected to the graft was fixed to the

tibia using two staples (Meira, Nagoya, Japan) with a pulling force of 30 N.

In a single-bundle augmentation, the EndoButton tape connected to the graft is

fixed to the tibia using two staples with a pulling force of 50 N

After graft fixation, the tensions of the grafted tendons should be checked

arthroscopically, and then, the synovium is sutured over the graft-remnant com-

posite to create a closed tube of the reconstructed ACL extending between the tibial

and the femoral anatomical foot prints (Fig. 28.7). After skin closure, the knee is

fixed with a soft knee brace. After surgery, the tunnel positions should be assessed

using 3D CT. (Fig. 28.8).

28.3.8 Postoperative Rehabilitation

The rehabilitation after ACL augmentation is identical to that undertaken for ACL

reconstruction. At 3 days after surgery, limited-range of motion exercise is initiated,

and at 1 week after surgery, partial weight-bearing gait is allowed. At 4–5 months

after surgery, jogging and light squatting exercise is introduced, and then after

10–12 months, patients are allowed to return to their original sport.

Fig. 28.7 After the graft

was fixed, the slit lesion of

preserving ACL remnant

was sutured
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28.4 Discussion

In this chapter we described the procedures of remnant-preserving ACL reconstruc-

tion. Such ACL remnants can conserve the mechanoreceptors and vessels that are

beneficial to joint position sense and important in recovering neovascularity after

surgery. Adachi et al. [13] observed a positive correlation between the number of

mechanoreceptors and the accuracy of joint position sense. They even found mech-

anoreceptors in patients having a long interval between the ACL injury and the

surgery and concluded that surgeons should consider preserving ACL remnants

during any ACL reconstruction. Additionally, an ACL remnant with abundant

vascularity could favorably influence revascularization of the grafted tendon [1, 2,

5, 16, 18, 19, 29], while Crain et al. [18] showed that resection of ACL remnants,

especially those healed to the femur effectively crossing the joint, resulted in a

measurable increase in passive anterior laxity in a group of ACL-deficient knees.

Augmentation reconstruction was initially performed in cases of partial rupture of the

ACL by creating a tunnel that complements the ACL remnant in the native femoral

anatomical attachment site, and Ochi et al. [9] demonstrated the favorable clinical

results of such augmentation reconstructive surgery using a one-incision technique.

Our technique of surgical ACL augmentation involves creating a longitudinal

slit in the ACL remnant fibers, allowing the tip of the guide wire used for prelim-

inary drilling of the tibial tunnel to be adequately visualized. We also use the

transverse intermeniscal ligament as a landmark for creating the AM tibial tunnel,

thus allowing for creation of the tibial tunnels within the native ACL tibial footprint

under direct vision without the need to use an image intensifier to localize the tibial

tunnel. Moreover, reconstruction of the femoral tunnels using the FAM portal,

independent of the tibial tunnels, allows the angulation of the tibial tunnels to be

increased from 45� to up to 65� to maximize visualization of the guide wire tip. In

Fig. 28.8 After surgery, the grafted position was evaluated by 3D CT, as shown
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addition, making a passage using a curved hemostat through the slit in the ACL

remnant to reach the intra-articular aperture of the femoral tunnel avoids impinge-

ment of the reconstruction graft against the ACL remnant and avoids notch

overstuffing and the development of cyclops lesion. Finally, our technique of

suturing the highly vascularized synovial folds over the reconstructed graft-remnant

composite optimizes the biological potential for graft maturation [30, 31].

In this study, the FAM was used to create the femoral tunnels, while viewing

through the central anteromedial portal. This resulted in the creation of a femoral

tunnel within the anatomical femoral ACL attachment independent of the tibial

tunnel [10, 11, 22–24]. Additionally we recommend using 3D CT for preoperative

prediction of the optimal site of incision for the FAM portal to enable creation of

femoral tunnels of optimal length and orientation without damaging the articular

cartilage of the medial femoral condyle [21].

In our technique, the main part of the femoral attachment of the ACL is situated

on the resident’s ridge, and the remaining part is attached to the posterior portion of

the ridge. However, in ACL reconstruction using hamstring tendons, the center of

the femoral tunnel opening is not the central point of application of force, because

the graft is pulled anteriorly. Therefore, the femoral bone tunnel should be created

just behind the resident’s ridge through the far anteromedial portal.

In an ongoing prospective clinical study, Ma et al. [32] compared three different

ACL surgeries: single-bundle reconstruction, single-bundle augmentation, and

double-bundle reconstruction. While this is only a 1-year study, the authors reported

that the single augmentation and double-bundle reconstruction were superior to the

single-bundle reconstruction with respect to anterior instability and balance ability. In

the future, long-term prospective and retrospective clinical studies might be needed to

prove the theoretical biological and biomechanical advantages of our procedure

compared with the anatomical double-bundle ACL reconstruction with ACL remnant

preservation. While currently, both procedures involve the same rehabilitation, we

believe that postoperative rehabilitation after ACL augmentation could be shortened

in the near future compared to those needed after ACL reconstruction.

28.5 Conclusions

We present a technique that combines the biological advantage of maximal pres-

ervation of the ACL remnant and the biomechanical advantage of performing

anatomical ACL reconstruction.
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Part VII

ACL Reconstruction Using Bone-Patella
Tendon-Bone



Chapter 29

An Overview

Shuji Horibe and Ryohei Uchida

Abstract The BTB autograft, which is morphologically and biomechanically

suitable in mimicking the native ACL, has long been considered the gold standard

for ACL reconstruction. Although this technique provides good long-term clinical

results, including a higher rate of returning to previous sporting levels, BTB ACL

reconstruction is associated with many technical difficulties and high risks of

donor-site morbidity and osteoarthritis. The abovementioned issues, however,

could be reduced by modifying surgical techniques, such as anatomic graft place-

ment, application of appropriate initial tension to the graft, use of fixation devices,

and improved graft harvesting techniques.

Keywords Bone patellar tendon-bone graft • ACL reconstruction • Overview

29.1 Patellar Tendon Grafts

Since Hey Groves [1] first reported the use of an iliotibial band transplant for

anterior cruciate ligament (ACL) reconstruction in 1917, many substitutes for ACL

replacement have been reported, including autogenous tissues. In particular, patel-

lar, hamstring, and quadriceps tendons have been used widely due to their ease of

procurement and reliable clinical results. The bone-patellar tendon-bone (BTB)

autograft technique has been considered the gold standard for ACL reconstruction,

as it provides strength and early bone-to-bone healing with rigid interference screw

fixation. Campbell [2] reported the first use of tendinous tissue from the medial

border of the quadriceps and patellar tendon in 1936; however, this procedure was

not widely adopted. In 1963, Jones reported a new technique for ACL reconstruc-

tion using the central one-third of the patellar tendon [3]. In this procedure, the

patellar tendon was left attached distally, and the proximal part was removed from
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the patella together with a small block of bone. Since then, ACL reconstruction with

patellar tendon graft has become popular. In Europe, instead of using the central

one-third of the patellar tendon, the medial one-third was used for ACL graft [4–

6]. Tibia-based patellar tendon grafts were commonly used at that time, since

vascularity was believed to be preserved from the tibia; however, there was no

blood supply to the patellar tendon through the tibial attachment [7], and the pedicle

graft was not sufficiently long for anatomical femoral placement. Franke was the

first to advocate the use of a free graft from one-fourth of the patellar tendon with

tibial and patellar bones [8]. Following this report, the use of free medial or the

central third of the patellar tendon with both patellar and tibial bones was also

reported [9–11].

Meanwhile, several animal studies have focused on the effect of preserved graft

vascularity on the remodeling process [12–14]. Kondo reported that, in a compar-

ative animal study, no biomechanical or histological differences were observed

between pedicle and free grafts [12]. Clancy et al. compared pedicle grafts for ACL

and free grafts for PCL using a rhesus model and found that revascularization was

as complete in free grafts as in pedicle grafts [13]. Noyes et al. hypothesized that a

biologic graft with a partly intact vascular supply might undergo less necrosis and

remodeling, thereby achieving a higher mechanical strength with less risk of

excessive deformation [15, 16]. However, an attempt to preserve vascularity to

the patellar tendon graft did not help prevent the rapid adverse changes in mechan-

ical properties observed in nonvascularized free grafts postoperatively [14]. Those

experimental studies demonstrated that pedicle and vascularized grafts have no

advantage over free grafts in facilitating the remodeling process [12–14].

Noyes et al. reported that the BTB graft was the strongest and was 1.6-fold

stronger than the normal ACL [17]. Lambert originally described aperture fixation

with interference screws on both sides [18]. Interference fit-screw fixation became

popular after Kurosaka et al. reported that it was mechanically superior to other

fixation methods [19]. In addition to the mechanical superiority of BTB grafts, rapid

bone-to-bone healing at the insertion site allows aggressive rehabilitation and early

return to sports activity. Then, with the development of arthroscopic instruments,

arthroscopically assisted BTB ACL reconstruction gained popularity between the

late 1980s and the early 1990s [20–23]. However, many surgeons gradually shifted

toward using the hamstring tendon [24–28], likely due to the higher incidence of

postoperative complications including donor-site morbidity, as well as the spread of

anatomic double-bundle ACL reconstruction. Instead of the conventional technique

using a single round tunnel, which renders the replacement of the BTB graft

anatomically challenging, Shino et al. proposed anatomic rectangular-tunnel ACL

reconstruction [29–31]. This technique mimics the natural ACL fiber arrangement

by creating bone tunnels within areas of ACL insertion and provides restoration of

normal laxity with small initial tension applied to the graft and early bony integra-

tion within the femoral tunnel by snug-fit fixation [31–33]. This technique may

reduce postoperative complications such as knee motion loss and osteoarthritis.
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29.2 BTB Graft Biomechanics

According to several cadaveric and clinical studies [34–39], the cross-sectional area

(CSA) of 10-mm-wide BTB grafts ranged from 32.3 to 41.0 mm2, which corre-

sponds to 73–98 % of the normal ACL if the native ACL with a CSA between

42 and 44 mm2 [17, 40] is used. In a pioneering study by Noyes et al., the central

third of the patellar tendon averaged 168 % in strength relative to the normal ACL,

more than twice the strength of other potential grafts [17]. However, BTB grafts

used in that study were 14–15 mm in width, i.e., too large for clinical use. The

ultimate tensile strength of 10-mm BTB grafts from young specimens was between

2300 N and 2977 N [34], that is, 106–140 % that of the normal ACL, based on the

reported strength of the ACL of normal youth (2160 N, Woo et al.) [41]. The

average stiffness of 10-mm-wide BTB grafts was 440 N/mm [34], which is 182 %

that of the normal ACL (242 N/mm) [41]. Reportedly, the central one-third of the

patellar tendon normally used for ACL reconstruction is biomechanically superior

to the medial or lateral one-third [42, 43]. The reasons for this include its elliptical

shape in the transverse plane [44] and relatively high collagen density, mean fibril

diameter, and/or collagen cross-linking [42, 43]. Therefore, BTB grafts are consid-

ered morphologically and biomechanically suitable for mimicking the native ACL

[31]. When a BTB graft is used for ACL reconstruction, however, surgeons should

be aware of its biomechanical characteristics including the stiffness, as well as the

regional and mechanical properties that may influence knee motion and laxity

postoperatively.

29.3 BTB Graft Healing Within Bone Tunnels

Since BTB grafts have a unique composite structure, the healing process in each

portion within the bone tunnel is different. With no gap between the bone plug of

the graft and the wall of the bone tunnel, anchoring in the newly formed bone was

observed after 3–6 weeks and complete incorporation by 12 weeks [45, 46]. How-

ever, if there was a space between the plug and the tunnel wall, granulation tissue

remained even after 12 weeks. Following rectangular ACL reconstruction, which

ensures that there will be no gap at the anterior interface between the bone plug and

the femoral tunnel wall, bony integration was found to be almost complete by

8 weeks [32].

The basic structure of the original bone-tendon insertion of the graft is

maintained, but degeneration of the bone-tendon junction progressed with time

after 6 weeks [45, 46]. Ishibashi et al. examined biopsied specimens within the

tibial tunnels from revision ACL cases and reported that a normal original bone-

tendon junction was found in a 4-month revision case; there was no obvious

structure in 6-month-old cases [47].
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Disorganized fibrous tissue, including fibroblasts and inflammatory cells, has

been observed, filling the interface between the tendinous portion and the wall of

the bone tunnel at 1 week. The perpendicular collagen fibers resembling Sharpey’s
fibers appeared in granulation tissue around the intraosseous tendon portion [46]

and became mature and organized with time [45].

29.4 Graft Harvest

Prior to BTB ACL reconstruction, abnormalities in the patella tendon including

bone insertion sites and the size of the graft should be evaluated by preoperative

X-P and MRI. Patellar tendon abnormalities such as Osgood-Schlatter disease and

patellar tendinitis may preclude the use of BTB grafts. Since graft protrusion

occasionally occurs in cases of excessively long patellar tendons [48–51] and the

incidence of donor-site morbidity may increase if more than one-third of the graft is

harvested [52, 53], BTB graft size should be predicted beforehand.

When making a longitudinal skin incision just medial to the patellar tendon, care

should be taken to preserve the infrapatellar branches of the saphenous nerve over

the patellar tendon to the extent possible. Subcutaneous tissue dissection is carried

out to the level of the paratenon, which is incised sharply and then retracted to

expose the inferior pole of the patella and the tibial tubercle. The central third of the

patellar tendon measuring 10 mm in width is cut, along with the longitudinal fibers.

A 15-mm long patellar plug is harvested in a triangular fashion, and a 20-mm tibial

bone plug is cut in a trapezoidal fashion. After removal of the BTB graft, the

paratenon is sutured without tendon closure.

29.5 Donor-Site Complication/Morbidity

Compared to open surgery, arthroscopically assisted ACL reconstruction is asso-

ciated with less postoperative morbidity, including loss of knee motion and anterior

knee pain. However, there still is a risk of disruption of the knee-extensor apparatus

(e.g., patellar fracture, tendon rupture) resulting from patellar tendon graft harvest

with bone plugs. Patellar fracture occurs either during or after surgery, at an

incidence of 0.12–1.3 % [53–59]. The etiology of patellar fracture is multifactorial

and can be attributed to the bone harvesting technique, patellar bone defect,

aggressive rehabilitation, and trauma [55, 57]. As the bone weakens after removal

of the anterior cortex of the patella, the portion most resistant to loading, caution

should be exercised not to remove too much of the patellar bone and to avoid

damage to the anterior cortex by using an electric bone saw [52, 53]. Moreover,

while several reports [60–62] recommend bone grafting of the patellar bone defect

to reduce the risk of patellar fracture and minimize donor-site pain, the risk of

painful spur formation and heterotopic bone formation has been noted [63].
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Although the incidence of patellar tendon rupture is reportedly low (0.06–0.24

%) [53, 59, 64], ruptured tendons are technically difficult to repair [65–69]. To

prevent this, the patellar tendon should be cut along the longitudinal fibers so as to

minimize the risk of tendon laceration under direct vision; the edges of the residual

patellar tendon at the tibial insertion site should not be undermined [52, 53, 65,

70]. Also, use of a double parallel blade is recommended to avoid tendon laceration

[52, 53]. It should be noted that, when the contralateral, normal knee is used as the

donor site, early mobilization with limited weight bearing on the reconstructed side

may overload the contralateral donor knee, leading to patellar fracture and tendon

rupture [54]. Since disruption of the knee-extensor apparatus is a severe complica-

tion, both patellar fracture and patellar tendon rupture should be avoided to the

extent possible.

Only few cases of heterotopic ossification of the patellar tendon, another com-

plication following BTB graft harvest, have been reported [71–74]. Although the

underlying mechanism is still unknown, bone debris and hematoma during aggres-

sive rehabilitation may result, with time, in progressive bone formation in the bone

bed and the tendon [71, 73]. Erdil et al. emphasized the need for the graft to be

meticulously prepared, and any bone debris must not be left inside the operative

field in order to avoid this complication [73].

The disadvantage of BTB grafts is a higher incidence of donor-site morbidity,

which includes anterior knee pain, kneeling problems, tenderness of the donor site,

and intraoperative injury to the infrapatellar branches of the saphenous nerve. The

incidence of anterior knee pain is reportedly 4–60 % [75–79], of which the causes

have yet to be determined [80]. Correlated with anterior knee pain are knee

extension loss [81], bone removal [62], changes in the mechanical properties of

the patellar tendon [82, 83], scar formation within the removed area [84],

patellofemoral arthritis [85], fat pad fibrosis [84], hypesthesia due to injury to the

infrapatellar branches of the saphenous nerve [86], and a cyclops lesion [87], to

name a few.

BTB ACL reconstruction is associated with a higher risk of extension loss

[88]. Postoperative extension loss leads to notch regrowth, cyclops lesions, and

patellofemoral arthritis, which may occur during the rehabilitation period following

ACL reconstruction. According to Shelbourne and Trumper [81], the incidence of

anterior knee pain could be reduced by obtaining full postoperative knee extension.

Thus, care should be taken to regain full extension immediately postoperatively.

Moreover, appropriate initial tension should be applied to the graft to avoid

overloading the transplanted graft, since BTB grafts are stiffer than the

normal ACL.

To reduce anterior knee pain, several technical improvements have been intro-

duced for harvesting BTB grafts, such as skin incisions, bone grafting, repair of the

peritenon, and closure of the patellar tendon defect [62, 78, 89, 90]. Some have

advocated patellar tendon suture with bone grafting [60], although this does not

decrease the rate of postoperative anterior knee pain [91, 92]. In a cadaveric study,

it was possible to harvest BTB grafts through two vertical 25-mm incisions, leaving

the infrapatellar nerve undamaged [93]. This double-incision approach decreases

29 An Overview 367



the occurrence of sensory disorders and the extent of hypoesthesia and reduces

the incidence of anterior knee pain [62, 78, 90]. Recently, Cervellin et al [94]

reported the use of autologous platelet-rich plasma gel to effectively reduce sub-

jective knee pain at the donor-site level. However, further studies are needed to

determine the effectiveness of this approach and to elucidate the mechanism of pain

reduction [94].

29.6 Remodeling After Graft Harvest

In animal models, complete filling and scarring of the defect after graft removal

have been observed [82], and the mechanical properties of the remaining patellar

tendon are significantly reduced for up to 6 months postoperatively [82, 83]. In

humans, many postoperative MRI studies of the patellar tendon and histological

studies of biopsied defect specimens have been performed. According to MRI

studies, the defect in the patellar tendon heals with time after harvesting, but does

not completely close in all cases [95–100]. Histologically, scarring around the

defect progressively matures over time [97], but the patellar tendon does not

normalize completely [101–103]. Encouraged by two studies on defect healing

potential [82, 95], the use of a healed donor site was proposed for revision cases

[104]. Since then, many have reported on cases of revision ACL reconstruction with

reharvested BTB grafts [105–109]. Although reharvested grafts appeared to have

ligamentization potential based on MRI and second-look arthroscopy with con-

comitant histological findings, clinical results have been unsatisfactory [108, 109].

29.7 Graft Fixation

Secure BTB graft fixation is essential to allow for early joint mobilization after

surgery. Among the various BTB graft fixation methods, including metallic or

bioresorbable interference screws, cortical suspensory graft fixation devices, post

screws, and buttons, interference screws have been used the most widely. Since

BTB grafts have bone plugs at both ends, interference screws provide rigid and

osseous aperture fixation compared to other devices. However, potential disadvan-

tages of this fixation method include divergent screw placement, difficulties with

removal during revision surgery, and the risk of graft damage [58, 110, 111]. To

circumvent these drawbacks, a hardware-free ACL reconstruction technique has

been developed [112]. Since Hertel originally described the BTB press-fit tech-

nique, many modified techniques have been proposed [110, 113, 114]. These

techniques, though technically challenging, provide fixation strength and long-

term clinical outcomes comparable to conventional techniques [115].
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29.8 Clinical Results

Long-term follow-up studies of endoscopic BTB ACL reconstruction have shown

good subjective and objective clinical results over 10 years postoperatively

[112, 116–120]. The percentage of normal or nearly normal overall IKDC grades

ranged from 74 % to 91 % [112, 116, 117, 119] with a high patient satisfaction rate

[117–120]. Good ligament stability was maintained in 82–100 % of patients over

10 postoperative years, and the average KT-1000 side-to-side difference ranged

from 1.6 to 1.8 mm [112, 117, 118]. However, graft rerupture occurred in 5.1–13 %

of cases during long-term follow-up periods [116–118, 120]. Maletis et al. reported

that the revision rate per 100 years of observation was 0.66 % in a community-

based sample of 2791 BTB reconstructed patients [121].

Many reports have compared clinical outcomes between BTB and hamstring

tendon grafts widely used for ACL reconstruction. These include comparative

studies [77, 122–127] as well as systematic reviews [88, 128–134]. BTB grafts

provided good subjective outcomes that are comparable to those of hamstring

tendon grafts [122–124, 126, 127, 131] while offering better static knee stability

[88, 122, 129, 130] with a significantly lower rate of graft failure [121, 126, 128–

130, 133]. However, patients with BTB ACL reconstruction had increased donor-

site morbidity, including anterior knee pain, pain with kneeling and walking

[77, 88, 125, 129–134], and a greater prevalence of osteoarthritis [123, 126, 134].

29.9 Summary

The BTB autograft, which is morphologically and biomechanically suitable in

mimicking the native ACL, has long been considered the gold standard for ACL

reconstruction. Although this technique provides good long-term clinical results,

including a higher rate of returning to previous sporting levels, BTB ACL recon-

struction is associated with many technical difficulties and high risks of donor-site

morbidity and osteoarthritis. The abovementioned issues, however, could be

reduced by modifying surgical techniques, such as anatomic graft placement,

application of appropriate initial tension to the graft, use of fixation devices, and

improved graft harvesting techniques.
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Chapter 30

Anatomical Rectangular Tunnel ACL

Reconstruction with a Bone-Patellar

Tendon-Bone Graft

Konsei Shino and Tatsuo Mae

Abstract The anatomical rectangular tunnel ACL reconstruction with a bone-

patellar tendon-bone (BTB) graft (ART BTB ACLR) to mimic natural ACL fiber

arrangement was developed. This technique has the following advantages: (1) to

mimic fiber orientation inside the native ACL with a single BTB graft, (2) to

maximize the graft-tunnel contact area, (3) to keep the tunnel apertures inside the

ACL attachment areas, (4) to prevent improper rotation of the graft inside the

tunnels during or after its fixation, and (5) to preserve the notch anatomy. This

procedure has been making it possible to overcome instability due to loss of ACL

without loss of motion.

Keywords Bone-patellar tendon-bone (BTB) graft • Far anteromedial portal •

Rectangular tunnel • Notchplasty • Resident’s ridge

30.1 Introduction

It is needless to say that our goal for ACL reconstruction (ACLR) is to restore

stability without loss of motion. For achieving this goal, we believe it is very

important to mimic the native ACL with a graft as closely as possible. This

makes it possible for the graft to avoid impingement to the intercondylar notch or

the posterior cruciate ligament (PCL). Thus, it is mandatory to select a suitable graft

and to place it in strictly anatomical tunnels.

An autogenous bone-patellar tendon-bone (BTB) graft is one of the most

suitable tissues for ACLR [1]. The procedure with the graft of 10 mm width is

one of most frequently performed procedures, while it has been aiming at achieving
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a single bundle reconstruction through round tunnels [2]. In this procedure, the

following issues yet remained unsolved: (1) The graft could not mimic the natural

fiber arrangement inside the ACL; (2) there is unfavorable space between a

trapezoid or triangular pillar bone plug and the round femoral tunnel; (3) there is

disadvantageous space between the proximal portion of the round tibial tunnel and

tendinous portion of the graft. In order to overcome these issues, the anatomical

rectangular tunnel (ART) ACLR was developed. In this procedure [3, 4], the BTB

graft is placed to mimic fiber arrangement inside the normal ACL [4], as well as to

maximize the graft-tunnel contact area. Concretely, parallelepiped tunnels are

created in accordance with the rectangular cross section of the graft. Furthermore,

half rectangular/round tibial tunnel makes it possible for the distal tendinous

portion of the graft to fit the tibial tunnel wall (Fig. 30.1). The instruments for the

procedure were developed in cooperation with Smith & Nephew, Andover, MA

(Fig. 30.2).

30.2 Rationale for Anatomic Grafting

1. The attachment areas should not thoroughly be filled out with the grafts, because

grafts used for ACLR become hypertrophic after implantation [5] and because

they are greater in mechanical properties than the native ACL [6].

#

Pullout suture with
Double Spike Plate & screw

Interference screw

Parallelepiped femoral tunnel &
bone plug from the tibia

Tibial tunnel:
A:Proximal rectangular portion
B:Distal round portion 

Bone plug from the patella

Fig. 30.1 Schema of the anatomical rectangular tunnel (ART) BTB ACL reconstruction via

rectangular femoral and half rectangular tibial tunnels. For femoral side fixation, 6-mm interfer-

ence screw is applied. For tibial side, pullout suture fixation technique using the double spike plate

(DSP) and a screw is used
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2. Grafts must be off-centered inside the areas for them to properly function

stabilize the knee, as the grafts deforms according to tensile force.

3. Tunnel apertures should be created inside the attachment areas not only for

mimicking the native ACL but also for keeping them inside the areas of thicker

cortex to make the apertures robust [7].

30.3 Indications for BTB Grafting

The BTB graft is suitable not only in shape but in mechanical properties, as

described previously. However, people should be aware that BTB graft harvest

site morbidity is relatively high, as a few of our female patients were suffering from

arthrofibrosis postoperatively. However, the integration of bone plug to bone tunnel

wall is very early in the anatomical rectangular tunnel (ART) ACLR procedure

[8]. Therefore, this graft may be selected for the following population: male athletes

with high motivation for returning strenuous/contact sports including football

or judo.

13 x 6.5 mm             10 x 6.5 mm              10 x 5 mm          8 x 5 mm

Fig. 30.2 Set of rectangular dilators: 13� 6.5, 10� 6.5, 10� 5, and 8� 5 mm
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30.4 Surgical Technique

30.4.1 Bone-Patellar Tendon-Bone (BTB) Graft Harvest
and Preparation

While the width of the patellar tendon is relatively consistent among people, a

10-mm-wide graft is suitable for more than 90% of our patients. Thus, the 10-mm-

wide graft harvesting is described in this section. However, an 8-mm graft is applied

for small female patients, while a 13-mm graft is used for large male patients.

The graft is harvested through 5–6-cm longitudinal skin incision just medial to

the patellar tendon from the central portion of the medial half of the patellar tendon.

As the central portion of the tendon is shorter than the lateral or medial side, the

graft has longer and shorter side in its tendinous portion. The former is assigned to

anteromedial portion of the graft, and the shorter one is to the posterolateral portion

(Fig. 30.3).

The harvested graft is prepared as follows: the bone plug from the tibia is shaped

into a parallelepiped of 5 mm thick� 10 mm wide� 15 mm long and used for the

femoral tunnel. The patellar bone block is left as a triangular pillar for the tibial

tunnel (Fig. 30.3)

10mm

10mm

Longer
side

Shorter
side

Longer
side

Shorter
side

Parallelepiped bone plug from the tibia

Bone plug of triangular pillar 
from the patella

(a) (b)

Fig. 30.3 Graft harvest and preparation. (a) BTB graft harvest site of the central portion of the

medial half of the patellar tendon of the right knee. The tendinous portion of the graft has longer and
shorter sides. (b) Prepared graft of 10-mm in width of the right knee. The parallelepiped bone plug
from the tibia of 5 mm thick� 10 mm wide� 15 mm long is for the rectangular femoral tunnel,

while patellar bone block of a triangular pillar is for the distal round portion of the tibial tunnel
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To minimize the graft harvest site morbidity, the defect in the tibial tubercle due

to bone plug harvesting should be filled with cancellous bone obtained at the time of

creating the tibial tunnel.

30.4.2 Setup and Arthroscopic Portals (Fig. 30.3)

The thigh is routinely kept horizontal with a leg holder to obtain a consistent view

of the intercondylar notch, while the calf is hung down with gravity. In addition to

the regular anterolateral and anteromedial portals, the far anteromedial (FAM)

portal which is 2–2.5 cm posterior to the anteromedial portal and just above the

medial meniscus is routinely created. This portal makes it possible for instruments

to get more perpendicular access to the ACL femoral attachment area on the lateral

wall of the notch [9].

30.4.3 Femoral Tunnel Preparation

30.4.3.1 Exposure of the ACL Femoral Attachment Area

Viewing the posterior third of the lateral wall of the notch via the anteromedial

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 device through the FAM portal. Mechanical shavers are not utilized

in order to preserve subtle undulation of the bony surface around the attachment

area. After cleaning up, the crescent-shaped attachment area is clearly delineated by

the resident’s ridge, anteriorly; upper cartilage margin, superiorly; and posterior

cartilage margin, posteriorly (Fig. 30.4) [10–12].

30.4.3.2 Creation of the Femoral Tunnel

Inside-Out Technique Through the FAM Portal

After marking two points with 5-mm distance in the center of the attachment area

along its long axis using a micro-fracture awl or RF device (Fig. 30.4), two guide

pins are parallelly drilled from these points to the lateral femoral cortex via the

FAM portal with the knee flexed over 140 �. The proximal pin is over-drilled with a

5.0-mm cannulated drill bit to the lateral femoral cortex, while the distal one is

over-drilled to 20 mm in depth. The continuous two round holes are dilated into a

5� 10� 22-mm parallelepiped socket with the 5 x 10-mm cannulated dilator. Then

the socket is rasped to make the wall smooth and flat.

Notchplasty is not required unless marginal osteophytes are formed.
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Outside-In Technique Through the Lateral Incision

For the knee of passive flexion less than 140 �, this approach is recommended to

avoid blowout of the tunnel. Viewing the ACL femoral attachment area via the

anteromedial portal, a central guide pin is drilled into the center of the area from the

lateral femoral cortex with the anterolateral entry femoral guide (Smith & Nephew

# 6901189 or 7210984) via the anterolateral portal. A 10-mm skin protection

cannula is installed over the guide pin via 2-cm lateral femoral incision. With the

aid of a 10-mm Offset Drill Guide, two guide pins are drilled parallel to the central

pin along the long axis of the attachment area or the resident’s ridge. After the

central pin is removed, two guide pins are over-drilled with 5-mm drill bit. With the

dilator of 5� 10 mm from the lateral femoral cortex, the two drill holes are dilated

into one rectangular tunnel in outside-in fashion (Fig. 30.6a).

30.4.4 Tibial Tunnel Preparation

30.4.4.1 Marking of the Tunnel Aperture Area Inside the ACL Tibial

Attachment

Viewing down the ACL tibial remnant and/or attachment area via the anteromedial

portal, the stump is cut to 3–5 mm in length with a shaver. Viewing the anterior and

medial margin of the residual fibers of ACL, and the anterior horn of the lateral

(a) (b)

Resident’s ridge 

Posterior cartilage margin

Resident’s ridge
Proximal cartilage margin

Fig. 30.4 ACL femoral attachment area of the right knee. (a) Arthroscopic view via the

anteromedial portal with a 45 �arthroscope; (b) 3D CT view. There are three landmarks to identify

the attachment area: resident’s ridge, proximal cartilage margin, posterior cartilage margin
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meniscus, the targeted tunnel aperture area along the medial intercondylar ridge

inside the tibial attachment is marked with RF device [1, 10] (Fig. 30.5).

30.4.4.2 Outside-In Creation of the Half Rectangular/Round Tibial

Tunnel

Viewing down the attachment area via the anteromedial portal, the tip of the tibial

drill guide through the FAM portal is placed at the center of the area. The pin is

over-drilled halfway or 2–2.5 cm with a 10-mm cannulated drill bit or a bone dowel

harvester for a bone plug to be grafted to defects in the graft harvest site. The

anterior and posterior pins are drilled in line with the medial intercondylar ridge

with 5-mm distance using an Offset Pin Guide. After removing the central pin, they

are over-drilled with a 5.0-mm cannulated drill bit, respectively, followed by

dilation into a 5 x 10-mm rectangle (Fig. 30.6b).

30.4.5 Graft Tensioning and Fixation

With two leading sutures, the graft is passed from the tibial tunnel to the femoral

socket with its parallelepiped bone plug kept on the top, and with its cancellous

bone surface maintained anteriorly.

For femoral fixation, a 6-mm� 20–30-mm interference screw is used in outside-

in fashion through the 5-mm hole from the lateral femoral cortex to the bottom of

AHLM

MM

MIR

AIR
AIR

MIR

a b

Fig. 30.5 ACL tibial attachment area of the right knee. (a) Arthroscopic view via the

anteromedial portal with a 45 �arthroscope; (b) 3D CT view. There are three landmarks to identify

the attachment area: medial intercondylar ridge (MIR), anterior intercondylar ridge (AIR), and
anterior horn of the lateral meniscus (AHLM). MM medial meniscus

30 Anatomical Rectangular Tunnel ACL Reconstruction with a Bone-Patellar. . . 383



the socket using a 6.5-mm skin protector (Smith & Nephew #6901106) via an

additional small lateral femoral incision. For inside-out interference fixation, the

screw is introduced through the FAM portal. Otherwise, the other pullout tech-

niques including DSP (Double Spike Plate, MEIRA, Aichi, Japan) and screw

through an additional lateral skin incision of 3–4 cm are utilized [13].

After the femoral fixation, the relationship between the notch in extension or the

posterior cruciate ligament (PCL) in flexion should be observed. If the graft is

placed anatomically correct, there is no impingent of the graft against the notch or

PCL (Fig. 30.7).

Tibial fixation is achieved with a modified pullout suture technique using the

DSP system at an optional/predetermined amount of the initial tension. According

to our cadaveric experiment, the mean laxity match tension for the ART ACLR

knees was 8.6� 4.8 N, the recommended initial tension to the graft at the time of its

final fixation could be reasonably assumed to 10 to 20 N [13].

The tensioning sutures distally connected to DSP are tied to a tensioner mounted

on the metal shell boot fixed to the tibia with a bandage. Then the creep of the

(a) (b)
Resident’s ridge

Medial intercondylar ridge

Fig. 30.6 3D CT views on tunnel apertures after ART ACLR (right knee) (medial half of the

femur is removed). (a) Femoral tunnel aperture; (b) tibial tunnel aperture

(a) (b)

Fig. 30.7 An anatomically placed BTB graft of the right knee viewed through the anterolateral

portal; (a) in extension; (b) in flexion. Note no graft impingement to the notch or PCL
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construct is meticulously removed by repetitive manual pulls of the graft suture

with knee flexed 15–20 �. After the reading of the tensioner is stabilized at the

intended level of 10–20 N for 2 min, the graft is temporarily fixed by hammering

DSP bottom spikes into the tibial cortex, and the DSP is secured with a screw. Care

is taken to remove the periosteum where the DSP is placed.

30.5 Postoperative Rehabilitation

The knee is splint immobilized at 10 � flexion for 1 week, followed by passive and

active ROM exercises. Partial weight bearing is allowed at 2 weeks followed by full

weight bearing at 4–5 weeks. Full extension or flexion exceeding 130 � is not

permitted until 5 weeks. Jogging is recommended at 3 months. Return to strenuous

activity is not allowed until 6 months.

30.6 Discussion

Data on patient’s outcomes after the current procedure have been accumulated for

submission to be published.

Unless the patients sustained the graft rupture due to trauma, our goal of

restoration of stability without loss of motion has been achieved in more than

95% of the patients. Furthermore, tunnel expansion following the current proce-

dure is much less than that after the reconstruction using hamstring tendons [14].

There is a concern on higher graft rupture rate following the anatomic ACLR

compared to that after less anatomic ACLRs in the last century [15], while subse-

quent meniscal damage after ACLR decreased drastically. The more strenuous

sports patients returned with totally stable knee, the higher the graft rupture rate

could be. Improved rehabilitation or proprioceptive training may be required to

prevent secondary ACL injury, while it is important to let the patients know the risk

management on it.

30.7 Conclusion

ACL reconstruction should be performed to mimic the native ACL by grafting

(Fig. 30.8). Thus, the surgery should be anatomy based. The emphasis is on tunnel

apertures inside the attachment areas, proper graft choice and preparation, correct

orientation of the graft, and appropriate graft tensioning and fixation. Our goal is to

restore healthy knee by the real anatomic ACL grafting.
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Chapter 31

Rectangular vs. Round Tunnel

Tomoyuki Suzuki and Konsei Shino

Abstract There are several advantages of the rectangular tunnel over the round

tunnel anterior cruciate ligament reconstruction (ACLR). First, the rectangular

tunnel procedure enables the placing of a 10-mm wide bone–patellar tendon–

bone (BPTB) graft in the tunnel within the anatomic attachment area. Second, the

bone plug can be matched to the parallelepiped bone tunnel with subsequent

interference screw fixation. This enables earlier integration of the bone plug to

the femoral tunnel wall by maximizing the interface of the graft and tunnel wall.

Finally, there are better biomechanical performances: (1) the mean laxity match

pretension for the rectangular tunnel ACL-reconstructed knees is 8.6� 4.8 N,

whereas that for the round tunnel ACL-reconstructed knees is 34.8� 9.3

N. (2) The rectangular tunnel ACLR knees demonstrate significantly higher stabil-

ity against combined rotatory loads following laxity match tensioning. (3) The

kinematics of rectangular tunnel ACLR knees far closely resembles the kinematics

of normal knees compared with that of the round tunnel ACLR knees following

laxity match pretensioning of the graft.

Keywords Anterior cruciate ligament reconstruction (ACLR) • Rectangular tunnel

ACLR • Round tunnel ACLR • Bone–patellar tendon–bone (BPTB) graft

31.1 Introduction

Shino developed the anatomic rectangular tunnel ACLR using a bone–patellar

tendon–bone (BPTB) graft to mimic the natural fiber arrangement inside the native

ACL and to minimize the tunnel size [1, 2]. With this technique, ACLR based on

the double-bundle concept with a single BPTB graft can be achieved. Because the

crescent-shaped ACL femoral attachment area located at the posterior superior
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margin of the lateral wall of the notch is<10 mmwide [3, 4], this technique enables

us to create a robust tunnel aperture inside the attachment area with greater cortical

thickness [5, 6].

31.2 ACL Attachment Area and Optimized Tunnels

for ACLR

It has been proved that the bony ridge termed “resident’s ridge” (lateral

intercondylar ridge) is an important landmark as the anterior border of the femoral

attachment of the ACL [3, 4, 7]. Iwahashi et al. reported the ACL femoral

attachment area is 17.4� 0.9 mm (mean� SD) in length, 8.0� 0.5 mm in width,

and 128.3� 10.5 mm2 in area [7]; therefore, as depicted in Fig. 31.1, a 10-mm

diameter round tunnel for a 10-mm wide bone plug cannot be created posterior to

the resident’s ridge. Therefore, for the round tunnel ACLR in our biomechanical

study, a round femoral tunnel proximal to the isometric point is created using the

transtibial approach. Furthermore, on the tibial side, a 10-mm round tunnel within

the ACL attachment area may damage the insertion of the lateral meniscus [7, 8], as

observed in Fig. 31.1. In contrast, with the rectangular tunnel ACLR, in which the

femoral and tibial tunnels are individually created inside the attachment areas, the

graft placement closely replicating the native ACL can be achieved [1, 2, 9].

A. B.

Fig. 31.1 Tunnel position on the femur. (a) The shaded area represents the original ACL

attachment area on the femur. The red area indicates the 5� 10 mm rectangular aperture. The

blue circle indicates the point at which a 10-mm diameter round tunnel is drilled. (b) The shaded

area represents the area where the original ACL is attached to the tibia. Because of its proximity to

the insertion of the lateral meniscus, the attachment area is narrow. The red area represents the

5� 10 mm rectangular aperture. The blue circle indicates the point at which a 10-mm diameter

round tunnel is drilled
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31.3 Early Integration of a Bone Plug

The BPTB graft during the rectangular tunnel ACLR is placed not only to mimic

the natural fiber arrangement of normal ACL following the double-bundle recon-

struction concept but also to maximize graft-tunnel contact area [1, 2, 9]. Thus, a

parallelepiped femoral tunnel with a rectangular aperture is created according to the

rectangular cross section of the graft, enabling accelerated graft–bone integration in

the femoral tunnel (Fig. 31.2). Thus, we evaluated minute changes in bone plug

integration to the femoral tunnel wall using macroscopic analysis of slices using

computed tomography (CT) with multiplanar reconstruction (MPR) images and

examined macroscopically undetectable changes using CT values [10] (Fig. 31.3).

In our study, 20 patients underwent multidetector CT-MPR first at 3–5 weeks and

then again at 7–8 weeks, postoperatively. During the first postoperative week (days

2 and 4), all slices were macroscopically “incomplete” with a clear gap, resulting in

a classification of “poor” integration. Excellent integration of the bone plug was

observed in 55% of the cases at 4 weeks and 80% at 8 weeks postoperatively. The

normalized change in the CT value [shown in Hounsfield units (HU)] at the border

of the bone plug tunnel at 8 weeks was significantly lower than that at 4 weeks.

Thus, it could be assumed that the bone plugs were mostly integrated into the

femoral tunnel by 8 weeks after the rectangular tunnel ACLR using a BPTB graft

(Fig. 31.3). Clancy et al. [11] reported that the bone plug in a round bone tunnel

Round tunnel Rectangular tunnel

6mm IFS

Snug fitting  

8 mm IFS

10mm Gap
Excessive space +

Maximizing
interface

Eccentric position

Precise tunnel position in the anatomical 
attachment area as intended.

Fig. 31.2 Conventional interference screw fixation to a round bone tunnel may create excessive

bone gap at the graft–bone tunnel interface. Moreover, it may be difficult to fix the graft in the

anatomical position as intended. In contrast, the rectangular tunnel procedure provides advantages,

such as permitting precise tunnel drilling in the anatomical position as intended and providing a

snug fit of the bone plug in the tunnel, enabling contact bone healing, and accelerating graft-tunnel

integration as demonstrated in this study
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established histological fixation at 8 weeks postoperatively in rhesus monkeys. In

clinical studies, Lomasney used CT images to demonstrate successful fixation in

28.6% of cases at 8 weeks postoperatively after conventional surgery with a BPTB

graft and a round bone tunnel [12]. Thus, the 8-week period for bone plug integra-

tion into the femoral tunnel after the rectangular tunnel ACLR with a BPTB graft

could be assumed to be shorter than that after the conventional round tunnel ACLR.

There are two types of healing processes following a bone plug within the tunnel

[13–15]. In indirect healing, granulation tissue is generated between bone segments,

resulting in callus development. This is followed by an increase in the gap between

bone segments, which is finally filled by neonatal bone [13, 14]. In contrast, direct

healing proceeds without the generation of callus at the boundary or the bone

absorption at the bone edge at the interface; thus, the gap is not formed in a

mechanically stable environment. Our morphological CT evaluation indicated

5mm

10mm
Cortical bone

Cancellous bone 

(a)

(b)

(c)

30 slices

Fig. 31.3 The femoral bone plug is prepared from the tibial tubercle. The tendinous portion is

placed posteriorly. The graft is fixed with an interference screw exactly posterior superior to the

bone plug, enabling the reconstruction of the final bone–tendon junction at the femoral joint that

can successfully mimic the native ACL fiber arrangement. There are 30 slices that are

reconstructed using multiplanar reconstruction, parallel to the long axis of the bone plug as

indicated above. This permits the evaluation of the anterior interface at all slices. On morpholog-

ical CT evaluation, 30 reconstructed slices are divided into the following three phases: (1) “com-

plete” shows no border between the plug and tunnel wall, and it does not exhibit trabecular

continuity. (2) “Incomplete” has a visible hairline of <1 mm. (3) “Gap” has a visible gap of >1

mm. Further, results are classified into three groups by number of “complete” slices
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that direct healing occurred following the surgical technique used in our study,

indicating that early biological fixation is likely with this technique. If a gap was

formed at the interface, a postoperative period of 8 weeks will be insufficient to fill

the gap.

31.4 Biomechanical Study: Rectangular Versus Round

Tunnel ACLR

31.4.1 Laxity Match Pretension

A key factor for successful ACLR is the initial graft tension. There is a close

correlation between the initial tension required to control abnormal anterior laxity

and the tunnel position [17–20]. Thus, the biomechanical study on human cadaveric

knees was conducted to determine the desirable graft tension in the rectangular

tunnel ACLR in which the femoral tunnel creation is independent of the tibial

tunnel or the round tunnel ACLR in which the femoral tunnel is created via the

transtibial tunnel [16] (Fig. 31.4). We found that at 15� of flexion, the mean laxity

match pretension for the rectangular tunnel ACL-reconstructed knees was

8.6� 4.8 N, whereas that for the round tunnel ACL-reconstructed knees was

34.8� 9.3 N. Thus, initial graft tension required to restore normal anteroposterior

Force gauge

UFS

(a)  (b)

Fig. 31.4 (a) Robotic/universal force–moment sensor (UFS) testing system showing a left knee
mounted for testing. (b) Right knee, after the removal of the extensor mechanism. Because the

robotic arm fitted with the UFS comprises the upper part of the system, the femur is fixed to the

bottom and the tibia is held on top. The custom-made force gauge is fixed on the tibia
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(AP) laxity for the rectangular tunnel ACLR is smaller than that for the round tunnel

ACLR, suggesting that the rectangular tunnel ACLR can control AP instability

more efficiently than the round tunnel ACLR.

31.4.2 Kinematics and External Load Test

Three-dimensional paths were recorded to clarify the knee joint kinematics. If the

graft is placed in the isometric position during the round tunnel ACLR, initial graft

tension should be increased to restore normal AP stability, resulting in abnormal

knee kinematics. Thus, in the round tunnel ACL-reconstructed knees with a higher

initial graft tension, the tibia moved posterolaterally with external and valgus

rotation, suggesting abnormal joint kinematics. Furthermore, we found that the

amount of displacement in the rectangular tunnel ACL-reconstructed knees was

<1 mm compared with that in the normal knees in all flexion angles, with a slight

over-tightness while approaching extension and slight looseness during flexion. In

contrast, the round tunnel ACL-reconstructed knees demonstrated looseness while

approaching extension and over-tightness during flexion.

An external load test was conducted to compare the biomechanical behavior of

the rectangular tunnel ACL-reconstructed knee with that of the round tunnel

ACL-reconstructed knee (Fig. 31.4). The mean anterior laxity of rectangular tunnel

ACL-reconstructed knees at 30� flexion with 5 Nm of internal rotation and 10 Nm

of valgus moment load was 0.4 mm greater than that of the normal knee, whereas

the mean anterior laxity of the round tunnel ACL-reconstructed knees under the

same conditions was 0.8 mm greater than that of the normal knee.

31.5 Conclusion

The rectangular tunnel ACLR is superior to the round tunnel ACLR in biological

and biomechanical aspects, mimicking the native ACL or to pursue the primary

goal of ACLR.
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Part VIII

Computer-Assisted Navigation in ACL
Reconstruction



Chapter 32

Intraoperative Biomechanical Evaluation
Using a Navigation System

Yuji Yamamoto and Yasuyuki Ishibashi

Abstract Originally, the navigation system for anterior cruciate ligament (ACL)

reconstruction has been a tool for increasing the precision of surgical procedures,

especially for bone tunnel placement. In addition to assisting the surgeon to decide

the proper tunnel position, the navigation system has the supplementary ability to

assess knee kinematics during surgery; therefore, the navigation system could be a

tool to evaluate knee kinematics or laxity in ACL-deficient knees. In this article, we

introduce the navigation process and also describe our intraoperative biomechan-

ical studies using an image-free navigation system, including intraoperative kine-

matics changes before and after double-bundle ACL reconstruction with hamstrings

graft, effect of the different ACL bundles on knee kinematics in double-bundle

reconstruction, and the effect of ACL remnant on knee kinematics. Finally, we also

describe the quantification of the pivot shift phenomenon using a navigation system

with noninvasive surface markers.

Keywords Anterior cruciate ligament (ACL) • ACL reconstruction • Navigation •

Biomechanical evaluation • Knee kinematics

32.1 Introduction

Anterior cruciate ligament (ACL) reconstruction using hamstrings or bone-patellar

tendon-bone graft is widely used and is as the most common surgical procedure for

ACL injuries. Biomechanical study has demonstrated that tunnel placement

affected kinematics of ACL-reconstructed knee [1]. Clinical studies have also

demonstrated that proper tunnel placement is a key factor for successful clinical

outcome after ACL reconstruction [2, 3]. Considerable variation in tunnel place-

ment during conventional ACL reconstruction has been reported [4, 5]. Furthermore,

in ACL revision study cohort, femoral tunnel malposition was rated as the most

common technical failure, followed by tibial tunnel malposition [6, 7]. Therefore,
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computer-assisted surgery such as using a navigation system has the potential to

improve clinical outcomes by reducing variability of tunnel placement and

allowing for more accurate tunnel placement [8]. Although image-based navigation

system using preoperative computed tomography or intraoperative fluoroscopy has

been available [9, 10], image-free navigation system has become popular and has

been introduced in ACL reconstruction in our institutes since 2003 [11]. The

navigation system has been used as a tool for intraoperative evaluation of knee

kinematics as well as proper tunnel placement during ACL reconstruction. In this

article, we introduce the navigation process of OrthoPilot (B. Braun Aesculap,

Tuttlingen, Germany) as an example and also describe our intraoperative biome-

chanical study using the navigation system.

32.2 Navigation Process

OrthoPilot, image-free, wireless navigation system is currently used in our insti-

tutes. The latest version, OrthoPilot ACL version 3.0, has been adapted to

include double-bundle ACL reconstruction.

32.2.1 Registration

The image-free navigation system uses intraoperative data acquisition to build a

computer model of the patient anatomy, without preoperative computed tomogra-

phy or intraoperative fluoroscopy. For the navigation process, transmitters with

reflective markers were firmly fixed to the femur and tibia via metal pin fixators.

Both anatomical landmarks and knee kinematics were registered. Anatomical

landmarks consisted of the tibial tuberosity, the anterior edge of the tibia, and the

medial and lateral point of the tibia plateau. ACL footprints in both femoral (more

than five points on the circumference) and tibial sides (anterior, medial, lateral, and

posterior borders) were also registered. The knee kinematics between 0� and 90� of
knee flexion were registered. After registration of both anatomical landmarks and

knee kinematics, real-time information on knee kinematic data are available to the

surgeon.

32.2.2 Tibial Tunnel Placement

During tunnel placement, information about tunnel positions and angles is

displayed on the navigation screen, helping to insert the guidewire. In case of

double-bundle reconstruction, navigation helps to avoid tunnel overlap because

the distance between two tunnels is also displayed with the second tunnel

placement.
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Information about tibial tunnels on the navigation screen include (1) ACL tibial

footprint; (2) anterior notch boundary in extension projected onto the tibial plateau (roof

impingement); (3) width and depth of the tibial plateau (width in anterior-posterior

(A-P) view in % from medial to lateral, depth in lateral view in % from anterior to

posterior); (4) distance to the PCL anterior edge in mm; (5) angle of the tibial tunnel in

sagittal and frontal planes in degrees; and (6) the distance between the two tunnels in

mm (Fig. 32.1). In deciding the tibial tunnel position, because the tibiamay be displaced

anteriorly in ACL-deficient knee, there is a risk that the tunnel may be placed in

the posterior setting when only the roof impingement is paid attention to. Therefore,

the ACL footprint and other landmarks on the navigation screen must also be used as

references for making the tunnels in the anatomical position [12].

32.2.3 Femoral Tunnel Placement

Information about femoral tunnels on navigation screen includes (1) ACL femoral

footprint; (2) Blumensaat’s line, (3) tunnel position in % from over the top to

Fig. 32.1 Navigation for tibial tunnels (double-bundle technique).

1. ACL tibial footprint (dotted box).
2. Anterior notch boundary in extension projected onto the tibial plateau.

3. Width and depth of the tibial plateau (width in A-P view in % from medial to lateral, depth in

lateral view in % from anterior to posterior).

4. Distance to the PCL anterior edge in mm.

5. Angle of the tibial tunnel in sagittal and frontal planes in degrees.

6. Distance between two tunnels in mm
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anterior notch outlet (deep-shallow) and % from over-the-top to bottom of the lat-

eral condyle (high-low); (4) femoral offset from over-the-top in mm; (5) distance to

the posterior cartilage border in mm; (6) isometry value (flexion angle at the graft

experiences the greatest tension, in degrees, isometry value in mm; flexion angle at

the graft experiences the least tension, in degrees), and (7) the distance between two

tunnels in mm (Fig. 32.2).

Femoral tunnel position is displayed as deep-shallow (% from over-the-top to

anterior notch outlet) and high-low (% from over the top to bottom of lateral

condyle) position for convenience in arthroscopic view [13]. For reference to

navigation data mentioned above, the femoral tunnel position can be decided. In

the case of double-bundle reconstruction, the second tunnel (usually for postero-

lateral (PL) bundle) position can be adjusted in reference to the first tunnel position

(usually for anteromedial (AM) bundle).

Fig. 32.2 Navigation in femoral tunnels (double-bundle technique).

1. ACL femoral footprint (dotted line).
2. Blumensaat’s line.
3. Tunnel position in % from over the top to anterior notch outlet (deep-shallow) and from over the

top to the bottom of lateral condyle (high-low).
4. Femoral offset from over-the-top in mm.

5. Distance to the posterior cartilage border in mm.

6. Isometry value (flexion angle at the graft experiences the greatest tension, in degrees, isometry

value in mm; flexion angle at the graft experiences the least tension, in degrees).

7. Distance between two tunnels in mm.

PL tunnel (blue) is shown high position on the screen; surgeon can move it to lower position
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32.3 Biomechanical Evaluation of Knee Kinematics During
Surgery

Originally, the navigation system for ACL reconstruction has been a tool for

increasing the precision of surgical procedure, especially for bone tunnel place-

ment. In addition to assisting the surgeon to decide the proper tunnel position, the

navigation system has the supplementary ability to assess knee kinematics during

surgery; therefore, the navigation system could be a tool to evaluate knee kinemat-

ics or laxity in ACL-deficient knees. There are several publications which reported

knee kinematics measured using the navigation system in ACL-deficient or

ACL-reconstructed knees during surgery [14–18, 21].

32.3.1 Evaluation of Double-Bundle ACL Reconstruction

In our clinical study using a navigation system, we reported intraoperative kine-

matics changes before and after double-bundle ACL reconstruction with hamstring

graft and anatomically oriented reconstruction with patellar tendon graft [18]. The

effect of the different ACL bundles on knee kinematics in double-bundle recon-

struction was also reported. Before ACL reconstruction, manual maximum

anterior-posterior (A-P) forces were applied to the tibia in neutral rotation, and

A-P displacement of the tibia at each angle of knee flexion was measured using the

navigation system (OrthoPilot ACL version 2.0). After the PL bundle or AM bundle

was temporarily fixed during double-bundle reconstruction, A-P displacement of

the tibia was also measured to assess the function of each bundle. After double-

bundle reconstruction or anatomically oriented reconstruction with patellar tendon,

knee laxity was measured in the same manner.

Both double-bundle reconstruction and anatomically oriented reconstruction

similarly improved knee laxity compared with before reconstruction in all knee

flexion angles (Figs. 32.3 and 32.4). Regarding the function of the AM and PL

bundles in double-bundle reconstruction, the two grafts showed contrasting behav-

ior. A-P displacement after PL bundle fixation was significantly smaller than that

after AM bundle fixation at only 15� of knee flexion and significantly larger than

after more than 30� of knee flexion (Fig. 32.3). Although the PL bundle has an

important role in the extension position, the AM bundle is more important in the

flexion position. These results were consistent with the previous biomechanical

studies [19, 20]. On the basis of this study, both bundles should be reconstructed to

improve knee laxity throughout knee range of motion. Furthermore, we believe

that, even with single-bundle reconstruction using a patellar tendon, anatomic

reconstruction might improve knee laxity similar to double-bundle reconstruction.
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32.3.2 Evaluation of Pivot Shift Test

In another study, both tibial internal rotation and anterior translation under the pivot

shift test were measured using a navigation system (OrthoPilot ACL version 2.0)

before ACL reconstruction, after PL bundle fixation, after AM bundle fixation, and

after double-bundle reconstruction [21] (Fig. 32.5). Before ACL reconstruction,

average (� standard deviation) tibial internal rotation and anterior translation under

the pivot shift test were 23.7� � 6.1� and 5.2� 2.4 mm. They were significantly

decreased to 20.9� � 6.4� and 2.3� 1.1 mm after PL bundle fixation and also

decreased to 22.2� � 5.7� and 2.4� 1.1 mm after AM bundle fixation. There was

no significant difference between the groups. After double-bundle reconstruction,

tibial internal rotation and anterior translation improved to 20.3� � 6.3� and

2.0� 1.0 mm. Results indicated that both the PL and the AM bundle similarly

control both anterior translation and internal rotation during pivot shift testing.

Navigation data that were compared with clinical grades of manual test include

Lachman, anterior drawer, and pivot shift test in ACL-deficient knees, and corre-

lation between clinical grading and navigation data were also analyzed using

OrthoPilot version 2.0 [22]. It was shown that there were positive correlations

between clinical grading and A-P displacement in the Lachman and anterior drawer

tests. Although positive correlations between clinical grading and A-P displace-

ment in pivot shift test were found, there were no correlations between clinical
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Fig. 32.3 Anterior-posterior (A-P) displacement of the tibia before and after double-bundle ACL

reconstruction. ACL-deficient knee was most unstable at 30� of knee flexion. Double-bundle ACL
reconstruction achieved stable knees compared to both PL and AM bundle fixation at all flexion

angles

404 Y. Yamamoto and Y. Ishibashi



Fig. 32.5 The pivot shift test during surgery with the navigation system.

The transmitters were affixed to the femur and tibia via metal pin fixators. The pivot shift test was

performed before and after ACL reconstruction
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Fig. 32.4 Anterior-posterior (A-P) displacement of the tibia before and after anatomical ACL

reconstruction with bone-patellar tendon-bone graft. A-P displacements after reconstruction were

significantly decreased at all knee flexion angles compared to before reconstruction and were not

statistically different from those after double-bundle ACL reconstruction
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grading and tibial rotation. We concluded that in response to A-P force, the

navigation system can provide the surgeon with correct objective data for knee

laxity in ACL-deficient knees, and, during the pivot shift test, physicians may grade

according to the displacement of the tibia, rather than rotation.

However, OrthoPilot version 2.0 could only assess statistically at the selected

knee angles during pivot shift test [22]. The latest version, OrthoPilot version 3.0,

can evaluate dynamic or sudden movement of the knee such as pivot shift phenom-

enon. It automatically shows a chart of tibial anterior-posterior displacement and

internal-external rotation on the navigation screen and records the knee kinematics

(tibial translation and rotation) during the pivot shift test. A typical example of a

positive pivot shift test patient is shown in Fig. 32.6. Since graphs during pivot shift

test before and after ACL reconstruction are displayed at the same screen, it is easy

to recognize that the pivot shift phenomenon disappears after reconstruction.

32.3.3 Evaluation of ACL Remnant

The effect of ACL remnants on knee laxity was assessed in 83 knees undergoing

primary ACL reconstruction using a computer navigation system [23]. ACL rem-

nants were classified into four morphologic types based on the arthroscopic

Fig. 32.6 A typical navigation screen of a positive pivot shift test.

The pivot shift test is repeated 2 to 3 times preoperatively. Subluxation and reduction of the tibia

occur during pivot shift test (x-axis, knee flexion angles in degree; y-axis, A-P translation and

rotation of the tibia in relation to the femur). Pivot shift phenomenon does not occur after ACL

reconstruction (lower figure)
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findings: type 1, bridging between the posterior cruciate ligament and tibia; type

2, bridging between the roof of the intercondylar notch and tibia; type 3, bridging

between the lateral wall of the intercondylar notch and tibia; and type 4, no

substantial ACL remnants (Fig. 32.7). Anterior tibial translation (ATT) and range

of internal-external rotation of the tibia (total rotation) at 15�, 30�, 45�, 60�, 75�,
and 90� of knee flexion were measured before and after resection of the ACL

remnants. The different morphologic types of the ACL remnants were as follows:

12 knees for type 1; 16 knees for type 2; 51 knees for type 3; and 4 knees for type

4. There were no significant differences in the mean ATT before and after resection

at any knee flexion angle in type 1, 2, or 4 knees. In type 3 knees, the mean ATT at

15� of knee flexion before resection significantly increased after resection. There

were no significant differences in the mean total rotation before and after resection

at any knee flexion angle for each type. After resection of the ACL remnants,

12 knees (14.5%) in the type 3 showed an increased ATT by 3 mm or more. This

study suggests that the ACL remnant does not play a major role in stabilization of

the knee. Although type 3 ACL remnants significantly decreased anterior knee

laxity in the knee extension position, the knee stability provided by the ACL

remnants was not adequate.

Nakamae et al. also evaluated the biomechanical function of ACL remnants

using a navigation system for anteroposterior and rotational knee stability in

patients with a complete ACL injury [24]. Patients in groups 1 (bridging between

the posterior cruciate ligament and tibia) and 2 (bridging between the intercondylar

Fig. 32.7 Arthroscopic findings of ACL remnants:

(a) type 1, bridging between the posterior cruciate ligament and tibia; (b) type 2, bridging between
the roof of the intercondylar notch and tibia; (c) type 3, bridging between the lateral wall of the

intercondylar notch and tibia; and (d) type 4, no substantial ACL remnants
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notch and tibia) underwent intraoperative arthrometry with a navigation system

before and immediately after resection of the ACL remnant. They found that

chronicity had a significant effect on changes in anteroposterior knee laxity eval-

uated at 30� of knee flexion after resection of the ACL remnant (change in laxity of

2.22 mm for chronicity <1 year and 0.17 mm for chronicity >1 year). However,

biomechanical function of remnant in groups 3 (partial rupture of PL bundle) and

4 (partial rupture of AM bundle) was not evaluated because ACL augmentation

procedures with preservation of remnant were performed on these patients. They

concluded that in groups 1 and 2, ACL remnants contributed to anteroposterior

knee stability evaluated at 30� of knee flexion for up to 1 year after injury, beyond

which this biomechanical function was lost.

32.3.4 Evaluation with Noninvasive Surface Markers

Navigation system has been developed and proposed for the evaluation and quan-

tification of the pivot shift test [21, 22]. However, the navigation system is difficult

to use in clinical practice because of the invasive nature of the transmitter attach-

ment. The use of noninvasive surface markers for navigation system could be a

solution. Therefore, we validated laxity measurements during the pivot shift test by

using a navigation system with noninvasive surface markers (Fig. 32.8) and com-

pared these measurements with those obtained using commercial pin-fixed markers.

The pivot shift test results using navigation system were also compared with the

Fig. 32.8 Surface markers for the navigation system.

(a) Commercial transmitters are placed on soft polyethylene plates and affixed to the skin with

elastic bandages and Velcro tape. (b) Surface markers were affixed to the thigh and shin, and the

pivot shift test was performed by applying valgus and internal torque to the knee
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clinical grades of the pivot shift test. Laxity measurements during the pivot shift test

were performed in 70 patients who had undergone ACL reconstruction using the

OrthoPilot ACL version 3.0. Because a sudden reduction of the tibial plateau is the

pivot shift phenomenon, the posterior tibial reduction (PTR) was measured from the

chart of the navigation system. PTR was defined as the distance of posterior tibial

reduction after maximum anterior translation of the tibia during passive knee

flexion (Fig. 32.9).

The average PTR measured with surface markers and pin-fixed markers was

4.6� 2.3 mm and 5.2� 2.8 mm, respectively. A statistically moderate correlation

was found between the PTRs, as measured using the two methods (ρ¼ 0.524,

p< 0.001). There were statistically moderate correlations between the clinical

grades recorded and the PTRs measured using surface markers (ρ¼ 0.522,

p< 0.001), as well as between the clinical grades and PTRs measured using

pin-fixed markers (ρ¼ 0.645, p< 0.001). The average PTRs measured, respec-

tively, with the surface and pin-fixed markers, for each clinical grade, were grade

1+ (2.8� 1.3 mm, 2.7� 1.6 mm), grade 2+ (3.9� 1.6 mm, 4.4� 1.8 mm), and

grade 3+ (6.1� 2.4 mm, 7.3� 2.6 mm). There were statistically significant differ-

ences in the PTRs measured with surface markers between all grades, except

between grades 1+ and 2+. Similarly, there were significant PTR differences

between all clinical grades when the pin-fixed markers were used.

As a limitation of this system (OrthoPilot ACL version 3.0), the sampling rate of

the navigation system (sampling rate, 12 Hz) used was lower than that of other

quantitative instruments for the pivot shift test (accelerometer, 198 Hz; electro-

magnetic system, 60 Hz). Therefore, PTR measured with surface markers moder-

ately correlated with both the PTR obtained using pin-fixed markers and with the

clinical grade of the pivot shift test in this study. If the sampling rate of this

navigation system is increased by improving the software and camera system, the

accuracy of quantification of the pivot shift test may be improved. However, results

suggest that the use of a navigation system and surface markers, using modified

commercial transmitters, might be able to quantify the pivot shift phenomenon in

Fig. 32.9 Simplified

navigation screen.

Posterior tibial reduction

(PTR) is suddenly observed

as the knee is passively

flexed during the pivot shift

test. This sudden reduction

of the tibial plateau is the

pivot shift phenomenon,

and the PTR can be

calculated using the

navigation system
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clinical situations. To increase the accuracy of this measurement method, improved

surface markers and the development of dedicated software are also desirable.

32.4 Future Direction

In the “Clinical Practice Guideline on the Management of ACL Injury” supervised

by Japanese Orthopaedic Association [25], for the clinical question about the

efficacy of using computer-assisted navigation system in ACL reconstruction, it

was summarized that there was no consensus of efficacy on tunnel placement and

there was no benefit of postoperative knee stability. Currently, randomized con-

trolled trials on the use of navigation in ACL reconstruction have failed to demon-

strate a clinical benefit, including radiographic evaluation, knee stability, and

clinical outcome. [26–31]. However, a navigation system for the ACL reconstruc-

tion is still developing; if more useful information is provided for a surgeon by

progress of the future technology and development of new software, it may lead to

better anatomical tunnel placement or improved clinical results. The navigation

system that could be used as a tool for basic and clinical researches such as the

effect of different surgical techniques on knee kinematics, and new ideas for ACL

reconstruction may be generated. Furthermore, the use of navigation system as an

educational tool for young doctors may lead to better understanding of ACL

anatomy and surgical procedure in ACL reconstruction and improve their skill.
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Chapter 33

Application of Computer-Assisted Navigation

Takumi Nakagawa and Shuji Taketomi

Abstract Tunnel malposition is known to be major cause of failure after ACL

reconstruction. Three -dimensional fluoroscopic computer navigation has been used

to further improve the accuracy of femoral tunnel placement. After a reference

frame is securely fixated to the femur, intraoperative image of the distal femur is

obtained, which is reconstructed into a 3-D image. During placement of guide pins

through far anteromedial portal, navigation guidance allows surgeon to place them

inside original attachment area which is located behind resident’s (lateral

intercondylar) ridge. The virtual femoral tunnel on the navigation monitor assists

surgeon to notice the risk of posterior cortical blowout and the estimated tunnel exit

on the lateral femoral cortex. The navigation is also applied to remnant-preserving

ACL reconstruction in which anatomical tunnel placement is more challenging

because of poor arthroscopic visualization of femoral insertion site. This technol-

ogy is more powerful in revision ACL reconstruction which is accompanied by

several technical challenges such as previous bone tunnels, preexisting implants, or

bone defect due to tunnel expansion.

Keywords Computer-assisted navigation • Anatomical ACL reconstruction •

Remnant preservation • Revision ACL reconstruction

33.1 Three-Dimensional (3-D) Fluoroscopic Navigation-

Assisted ACL Reconstruction

Anterior cruciate ligament reconstruction (ACLR) is one of the most common

sports injuries in active young people, requiring surgical reconstruction to allow

patients to return to an active lifestyle and prevent secondary meniscus or cartilage

injuries. However, inaccurate placement of either the femoral or the tibial tunnel
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may occur in up to 15% of procedures using standard surgical techniques; this may

result in laxity, instability, suboptimal clinical results, and increased revision rates

[1]. Computer-assisted navigation offers surgeons real-time feedback of the surgi-

cal field, enabling them to adjust the surgical technique to improve postoperative

outcomes and decrease intraoperative errors [2]. Based on the method of

referencing information, computer-assisted navigation systems are further classi-

fied into computed tomography (CT) based, fluoroscopy based, and imageless.

Imageless navigation systems consist of a computer platform, a tracking system,

and a set of infrared markers. Imageless navigation is used to restore normal knee

kinematics by measuring graft isometry in ACLR. Computed tomography-based

navigation use CT scans of the area of interest. The CT scans are performed either

pre- or intraoperatively and used to reconstruct three-dimensional (3-D) images. To

improve the accuracy and reproducibility of femoral tunnel placement, 3-D fluo-

roscopy-based navigation has been used since 2007 in our institution [3].

33.1.1 Surgical Procedure

33.1.1.1 Fixation of a Reference Frame to Femur and Acquisition

of 3-D Images

The patient was placed in the supine position in such a way that the break in the

operating table is just distal to the leg holder, keeping the distal thigh horizontal. A

tourniquet is applied to the proximal thigh. At the beginning of the surgery, the

reference frame must be fixated rigidly to the femur using two half pins mono-

cortically. To minimize muscle load especially in muscular male patients, pins are

placed with the knee in 90� of flexion (Fig. 33.1a). Intraoperative 3-D images were

acquired with C-arm of Arcadis Orbic 3-D (Siemens AG, Erlangen, Germany) of

which isocentric design and 190� orbital movement provide the prerequisites for

3-D imaging (Fig. 33.1b). The C-arm of the image intensifier was equipped with a

wireless tracker (Stealth Active wireless tracker S/N 130, Medtronic, Louisville,

CO) for navigation registration. After the distal femur was positioned in the

isocenter of the C-arm using the image intensifier, a radiation-free manual test

run was performed to ensure that the unit will not collide with other objects during

the automated scan. The system is equipped with a stepper motor to realize a high-

precision orbital rotation around the distal femur, and the automatic scan was

initiated via the foot switch [3, 4].

The acquired image data are transferred to the navigation computer

(StealthStation TRIATM plus, Medtronic, Louisville, CO) (Fig. 33.1c), and the

3-D image of the distal femur was reconstructed on the computer monitor. The

medial half of the 3-D reconstructed distal femur was deleted using the computer

software for a better view of the lateral wall of the intercondylar notch. Resident’s
(lateral intercondylar) ridge, anterior border of ACL femoral attachment area, can

be confirmed easily on the navigation display (Fig. 33.1d).

414 T. Nakagawa and S. Taketomi



33.1.1.2 3-D Fluoroscopic Navigation-Assisted Femoral Guide Pin

Placement

In case the remnant tissue’s quality is poor, the fibrous tissue including the ACL

stump on the superior-posterior half of the lateral wall of the intercondylar notch is

thoroughly cleaned up with a radio-frequency device. Special care is taken to

expose the lateral intercondylar ridge, the upper cartilage margin, and the posterior

cartilage margin. A femoral guide equipped with a tracking device is used to

Fig. 33.1 (a) Reference frame is securely fixed to the femur with two half pins before acquiring

images

(b) Intraoperative 3-D images are acquired with C-arm of an Arcadis Orbic 3-D (Siemens AG) and

transferred to a navigation computer. The C-arm of the image intensifier is equipped with a

wireless tracker

(c) Medtronic StealthStation TRIA plus navigation system

(d) A 3-D reconstructed image of the distal femur on the navigation monitor. The medial half of

the distal femur was removed using the navigation software. The white triangles show resident’s
(lateral intercondylar) ridge
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identify anatomical entry points both on the navigation screen and the arthroscopic

monitor. Once the correct entry points are identified under the guidance of the

navigation, a microfracture awl is used to mark two points in the center of

attachment area along its long axis. The distance between the two marked points

is 5 mm in creating rectangular femoral tunnel for bone-patellar tendon-bone graft

and is more than 5 mm in making two round tunnels for double-bundle hamstring

grafts depending on the graft diameter. While viewing the lateral wall of the notch

through anteromedial portal, the two guide pins are inserted through far

anteromedial portal. The placement of guide pins for two femoral tunnels was

performed with a femoral guide equipped with a tracker. The tip of the femoral

guide is placed at the marked point, and the image-interactive navigation assisted

the surgeons to confirm the anatomically correct placement of the femoral guide’s
tip on the 3-D reconstructed image (Fig. 33.2a). Once the femoral guide is placed at

the center of femoral insertion site, the tail of the aimer is tapped into the bone with

a mallet for provisional fixation. Keeping the femoral guide’s tip at the planned

entry point, the knee is flexed to 130–140� (Fig. 33.2b). On the navigation display,

the 3-D image of the distal femur is rotated to face the posterior aspect of the femur.

The diameter of the virtual femoral tunnel is set to the real diameter of graft (BTB

graft 5 mm; hamstring grafts 6–7 mm on average), and the risk of the blowout

through the posterior condyle is checked (Fig. 33.2c). The flexion angle of the knee

and the trajectory of the femoral aimer are adjusted while monitoring posterior

cortical blowout. The 3-D image is further rotated 90� to face the lateral aspect of

the distal femur on the navigation monitor. The virtual femoral tunnel exit on the

lateral femoral cortex enables to estimate the length of the femoral tunnel

(Fig. 33.2d). Once the guide pins are placed, its correct positioning can be con-

firmed on the navigation computer. The guide pins are drilled with a cannulated

drill of the diameter of the graft for an adequate length, and the lateral femoral

cortex is drilled through using an Endobutton drill (Smith & Nephew, Andover,

MA) for a suspensory fixation. For rectangular tunnel BTB ACL reconstruction, the

continuous two round holes are dilated into a rectangular socket using the

5� 10 mm dilator (Smith & Nephew) [5].

33.1.2 Remnant-Preserving Anterior Cruciate Ligament
Reconstruction Using a 3-D Fluoroscopic Navigation

Theoretically, remnant preservation of ACL is supposed to enhance graft matura-

tion via revascularization, cell proliferation, and recovery of proprioception.

Remnant-preserving ACL reconstruction has been increasingly performed to

achieve better knee stability and function. However, the remnant-preserving sur-

gery is more technically demanding because arthroscopic visualization of ACL

bony attachment is difficult due to existence of relatively thick and abundant ACL

remnant tissue. Therefore, the femoral tunnels after remnant-preserving ACL
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reconstruction tend to be positioned suboptimal. Three-dimensional fluoroscopic

navigation enables surgeons to identify ACL attachment area even with minimum

debridement of the fibrous tissue [6]. With the assistance of navigation, anatomic

ACL reconstruction can be performed reproducibly with minimal damage to the

remnant bundle of the femoral attachment (Fig. 33.3a–f).

Fig. 33.2 (a) The tip of femoral guide with the tracking device is shown on the 3-D image

navigation screen in real-time fashion

(b) Keeping the tip of the femoral guide placed at the target entry point, the knee is deeply flexed

(130–140�) by an assistant

(c) A virtual femoral tunnel in the 3-D femoral image without posterior cortical blowout

(d) The exit of the virtual femoral tunnel on the lateral femoral cortex can be seen on the

navigation screen, and the length of the femoral tunnel is measured on the navigation before

drilling the guide pin
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33.1.3 Femoral Tunnel Creation in Revision ACL
Reconstruction Using 3-D Fluoroscopic Navigation

Revision ACL reconstruction is accompanied by several technical challenges

which need to be addressed, such as preexisting hardware, bone tunnel defects, or

primary tunnel malposition. Technical errors have been found to be a common

cause of failure of primary reconstruction, and above all femoral tunnel malposition

seems to be the most common cause. Thus, it is frequently difficult to create a new

femoral tunnel at an ideal position in revision ACL reconstructions because it may

be impacted by the location of the previous femoral tunnel.

Our Preferred Technique The BTB graft is our current preference for revision

ACL reconstruction because direct bone-to-bone healing is expected, resulting in

secure and consistent fixation. The femoral bone plug is usually shaped 5-mm thick,

10-mm wide, and 15-mm long for a rectangular tunnel placement, except in cases

Fig. 33.3 (a) An ACL is ruptured near its femoral insertion. Its midsubstance and its tibial

insertion are preserved

(b) After minimally debridement of its femoral attachment area with radio-frequency device, two

guide pins were placed anatomically with the assistance of 3-D navigation

(c) The rectangular-shaped femoral tunnel aperture created with minimum damage to the remnant

tissue

(d) The probe is seated on the remnant tissue for better visualization of the anatomically placed

BTB graft

(e) The remnant-preserved BTB ACL graft viewed through the anterolateral portal

(f) 3-D CT image of femoral tunnel aperture after remnant-preserved anatomical rectangular

tunnel BTB ACLR at 1 week postoperatively

418 T. Nakagawa and S. Taketomi



with prior femoral aperture widening. Because the cross-sectional area of the

tunnels required for rectangular ACL reconstruction is less than that for the round

tunnel technique, this method is advantageous as it allows surgeons to consistently

avoid overlap with tunnels from prior surgery [7].

33.1.3.1 3-D Fluoroscopic Navigation Guidance in Creation

of Anatomic Femoral Tunnel in Revision ACL Reconstruction

It is essential to perform preoperative planning using 3-D computed tomography

(CT) images before every revision procedure. The previous femoral tunnel position

can be classified into three types based on the 3-D CT image depending on the

location of the femoral tunnel relative to the lateral intercondylar ridge, as

described by Magnussen et al. [8]. The principle is to create a new femoral socket

for a BTB graft or two independent sockets for hamstring tendon grafts inside the

original femoral attachment area. If the primary rectangular BTB femoral or double

hamstring tendon apertures were created anatomically, the revision can be

performed in the same way as in a primary rectangular tunnel BTB ACL recon-

struction without the assistance of the navigation system. In this case, the prior

anatomically placed aperture(s) can be easily expanded with a 5 � 10-mm dilator

(Smith & Nephew Endoscopy, Andover, MA) into a single rectangular tunnel. If the

previous tunnels on the femoral side were significantly improperly placed, a new

femoral socket can be independently created anatomically in the same manner as in

a primary ACL reconstruction with the assistance of the computer navigation

(Fig. 33.4a–f). A case with slightly malpositioned femoral tunnel or previously

expanded femoral tunnel aperture is the most technically challenging because

overlap between the original tunnel aperture and the newly created one is some-

times inevitable. In such case, a divergent tunnel can be created with the assistance

of the navigation system [9]. If a large femoral tunnel bone defect existed, a BTB

graft with trapezoidal bone block is used as a substitute for rectangular-shaped

graft.

33.2 Accuracy and Clinical Outcome After 3-D

Fluoroscopic Navigation-Assisted Double-Bundle

ACL Reconstruction

The positions of the femoral tunnel apertures were evaluated using 3-D CT model

taken 1 week after the surgery in 34 anatomic double-bundle ACL reconstruction

patients performed with assistance of 3-D fluoroscopic navigation [10]. Measure-

ment of the anteromedial (AM) and posterolateral (PL) femoral socket on the 3-D

CT images using the quadrant method showed that the center of the AM tunnel

aperture was located at a depth of 21.0� 4.1% and a height of 30.5� 9.3% and that
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Fig. 33.4 (a) A hamstring ACL primary graft sustaining PCL impingement. The maximum

flexion angle of the knee was 100� before revision surgery

(b) After the impinged ACL graft was debrided, the lateral intercondylar ridge is identified

(c) A navigation view of right knee shows anteriorly and distally placed (near high noon position)

primary femoral tunnel aperture. The tip of the femoral guide is placed at an anatomical position

without overlapping the original tunnel aperture. The blue arrow shows the previous tunnel

aperture

(d) Rectangular-shaped femoral tunnel aperture created anatomically. The blue arrow shows the

previous tunnel aperture

(e) 3-D CT image of femoral tunnel aperture after revision ACL reconstruction taken 1 week after

the surgery
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of the PL socket aperture was located at a depth of 31.3� 5.8% and a height of

57.2� 7.7% (Fig. 33.5). The femoral socket locations were considered as anatomic

in accordance with previous cadaveric studies examining the positions of ACL

femoral insertion site. With regard to the clinical results, 26 knees (76%) were

objectively graded as normal, 8 (24%) as nearly normal, and 0 (0%) as abnormal or

severely abnormal in IKDC objective scores. Postoperative side-to-side anterior

translation measured with a KT-2000 arthrometer averaged 0.7� 1.2 mm. The

short-term clinical results were satisfactory.

33.3 Complications

In comparison to conventional ACL reconstruction, additional fixation of the

reference tracker to the femur using two half pins is necessary in the navigated

procedure. No serious complication related to the fixation of the tracker to the

femur was encountered. The reference tracker must be rigidly fixated to the femur

for accurate navigation. The loosening or bending of the half pins brings about

complications such as malpositioning of the femoral tunnel or posterior cortical

blowout due to inaccurate navigation.
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Part IX

ACL Injury in Patients with Open Physes



Chapter 34

ACL Reconstruction with Open Physes

Hiroyuki Koizumi, Masashi Kimura, and Keiji Suzuki

Abstract The surgical management of anterior cruciate ligament (ACL) injuries in

patients with open physes is a controversial issue. Different techniques for ACL

reconstruction (ACLR) have been described in patients with open physes, including

the transphyseal and physeal-sparing techniques. ACLRs that are performed in

adolescents with open physes in a manner that is similar to that in adults risk

causing injuries to the physes and may result in an angular deformity of the knee or

a leg length discrepancy after surgery. We devised two ACLRs for patients with

open physes based on several previous clinical studies and animal experiments. The

first operation is a partial transphyseal single-bundle ACLR with a bone socket of

8 mm in diameter created in the epiphysis of the tibia through the physes using a

3.5 mm drill and with a transepiphyseal tunnel in the femur that avoids the physes.

This ACLR ensures that damage to the physes is prevented to the maximum

possible extent. The second operation is a physeal-sparing double-bundle ACLR

with transepiphyseal tunnels in the tibia and an over-the-top route for the

anteromedial bundle and a transepiphyseal tunnel for the posterolateral bundle on

the femur. This technique is used, when the proximal epiphysis on the tibia is of

sufficient thickness to allow the creation of two transepiphyseal tunnels. Both

ACLRs can lead to good clinical outcomes in patients with open physes that are

similar to the outcomes that are expected in adult patients without growth

abnormalities.
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34.1 Introduction

Recent studies show that double-bundle anterior cruciate ligament reconstruction

(ACLR) is associated with better results in adults than other types of ACLR

[1, 2]. However, the management of anterior cruciate ligament (ACL) injuries in

adolescents with open physes remains a controversial issue.

Nonoperative treatments have been unsuccessful in preventing instability or

further meniscal damage and cartilage degeneration in patients with open physes

[3–6]. Different ACLR techniques, such as transphyseal or physeal-sparing tech-

niques, have been described in patients with open physes. Extra-articular ACLR

can avoid damaging the physes, but it is a non-anatomical technique, which is

associated with poor clinical outcomes [4, 5]. The reports appear to indicate that

intra-articular ACLR, which seeks to preserve the physes, may lead to clinical

outcomes that are superior to those associated with nonoperative treatment or extra-

articular ACLR.

Lipscomb and Anderson [7] reported a series of 24 skeletally immature patients

who were treated by transphyseal ACLR using a hamstring tendon. They reported

that one patient showed a significant limb length discrepancy. There are also some

reports on ACLRs in adolescents [8, 9]. ACLRs that are performed in adolescents

with open physes in a manner that is similar to that in adults risk causing injuries to

the physes and may result in an angular deformity of the knee or a leg length

discrepancy after surgery. On animal experiments, Houle et al. performed

transphyseal ACLR in skeletally immature rabbits. Physis growth was observed

to be arrested in 8 of 11 rabbits. The author did not recommend the placement of

tunnels involving� 1% of the area across the tibial and femoral physes in ACLRs

in children with a high level of skeletal immaturity [10]. Seil et al. evaluated the risk

of growth disturbances of transphyseal ACLR with a 5 mm drill using a soft tissue

graft in a sheep model. They concluded that transphyseal ACLR did not lead to

clinically relevant growth disturbances [11]. Stadelmaier et al. examined the ability

of a soft tissue graft to inhibit the formation of a bony bridge within tunnels that

were drilled across open physes in a canine model. They found that a soft tissue

graft of the fascia lata placed in the drill holes across the open physes prevented the

formation of a bony bridge [12].

Janarv et al. [13] reported 15 skeletally immature patients who underwent over-

the-top ACLR procedures using a hamstring autograft in which the physes were

avoided by way of a tibial tunnel that was created by the transepiphyseal technique.

Anderson [14] performed ACLR with a hamstring tendon graft using the

transepiphyseal technique on both the femur and tibia in skeletally immature

patients. These ACLRs are considered to be physeal-sparing techniques in that

they avoid both the distal femoral and the proximal tibial physes. ACLRs using an

over-the-top position or the transepiphyseal technique on the femur and the

transphyseal technique on the tibia have also been performed in patients with

open physes [15–17]. These ACLRs are considered to be partial transphyseal

426 H. Koizumi et al.



techniques, which avoid the distal femoral physis and pass through the proximal

tibial physis. Guzzanti et al. [18] performed physeal-sparing ACLR with the use of

a hamstring tendon in five Tanner stage 1 pediatric patients. They reported that

ACLR using physis-preserving surgical techniques led to good clinical outcomes

and that no clinically significant growth abnormalities were observed. As noted

previously, the surgical techniques and timing described in the literature are

heterogeneous. Moreover, some of these reports involve small study populations

or pediatric patients whose Tanner stages are not clearly described. In addition,

there is a tendency for the number of patients at the Tanner stages of 1 and 2 to be

relatively small and for many of the patients to be near physeal closure. The surgical

management of ACL injuries in patients with open physes has remained a contro-

versial issue because of the risks associated with surgery, which may include

angular deformities of the knee and leg length discrepancies. In particular,

when the distal femoral physis is damaged, it may lead to a valgus deformity of

the lower extremity.

Based on these considerations, we herein attempt to fully explain the need for

exercise restriction in patients with wide-open physes and to recommend

nonoperative treatment as the initial treatment for ACL injuries in adolescents.

For patients who are found to be nearing physeal closure and who want an early

return to athletic activity, we suggest two ACLRs using a hamstring autograft to

prevent damage to the physes to the maximum possible extent. Specifically, when a

preoperative T2-gradient-recalled echo MRI shows very high-signal bands of the

physes (no drop-out sign) (Fig. 34.1), we perform a partial transphyseal single-

bundle ACLR or a physeal-sparing double-bundle ACLR. In a partial transphyseal

single-bundle ACLR, a bone socket of 8 mm in diameter is created in the epiphysis

of the tibia through the physis using a 3.5 mm drill, with a transepiphyseal tunnel in

the femur that avoids the physis (Fig. 34.2). This technique prevents damage to the

physes to the maximum possible extent.

In cases where the proximal epiphysis on the tibia is of sufficient thickness to

allow the creation of two transepiphyseal tunnels, we perform a physeal-sparing

double-bundle ACLR with transepiphyseal tunnels in the tibia and an over-the-top

route or a transepiphyseal tunnel in the femur (Fig. 34.3) [19]. We herein describe

the two abovementioned surgical methods and present their respective postopera-

tive results for comparison.

34.2 The Partial Transphyseal ACLR Surgical Technique

We perform single-bundle ACLR using a semitendinosus tendon. In this technique,

a femoral tunnel is created avoiding the distal femoral physis. The tibial tunnel is

created through the proximal tibial physis with a 3.5 mm drill, after which the bone

socket is completed with an 8 mm retrograde drill in the epiphysis of the tibia
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(Fig. 34.2). The tendon graft is placed in the anatomic position using the native

ACL footprint as a positioning guide.

On the femoral side, using the mini-open approach, a longitudinal incision of

approximately 2 cm in length is made from the lateral condyle of the femur to a

more distal region. An outside-in guide is placed at the footprint of the anteromedial

bundle (AMB), and a guide wire of 2.4 mm in diameter is inserted into the region

that is more distal to the femoral physis. An intraoperative X-ray is performed to

check the positional relationship between the physis and the guide wire in order to

confirm that the physis will not be damaged by drilling with a drill of up to 8 mm in

diameter (Fig. 34.4). After confirmation, a bone tunnel with a diameter of 8 mm is

created.

On the tibial side, we make a small incision 1 cm medial of the tibial tuberosity.

In the joint, the tip of a drill guide is placed just behind the Parsons’ knob, slightly
medial from the center of the ACL footprint. This position corresponds to the

anatomical AMB in adults. A guide wire of approximately 2.4 mm in diameter is

introduced through the physis. The appropriate positioning of the guide wire should

a b

Fig. 34.1 Preoperative T2-gradient-recalled echo MRI of the knee in the coronal plane (a) and

the sagittal plane (b). The images show the very high-signal bands of the physes (no drop-out

signs) [19]
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be confirmed on an intraoperative X-ray (Fig. 34.4). Next, a bone tunnel is created

through the physis from the outside of the joint with a 3.5 mm drill. Under radio-

scopy, drilling is performed from the inside of the joint using an 8 mm FlipCutter®.

At that time, drilling is performed just up to the edge of the physis to complete a

bone socket (Fig. 34.5).

A quadrupled semitendinosus tendon graft of 6 cm in length is prepared

(Fig. 34.6), and the passage is performed with a tight graft-tunnel interface,

allowing no room between the graft and bone. A fiber wire or a Telos artificial

ligament® should be tied to both ends of the tendon graft. After the induction thread

is pushed through the bone tunnel, the tendon graft is introduced from the femoral

side into the joint. The tendon graft is then pulled strongly until the distal part of the

graft is placed in the bone socket of the tibia.

Firstly, on the tibial side, the fixation is performed in the metaphysis using an

EndoButton®, away from the proximal physis. Then, on the femoral side, after load

relaxation is achieved by repeating the manual traction (manual max) of the tendon

graft approximately ten times, fixation is performed in the epiphysis using a

SutureButton® set at 30 N of tension with 20� of knee flexion (Fig. 34.7).

femoral side 
transepiphyseal technique

tibial side 
transphyseal technique with bone socket

8 mm drill

3.5 mm drill

physes

Fig. 34.2 A schematic illustration of a single-bundle ACL reconstruction using the partial

transphyseal technique [20]
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physes

antero-medial bundle
over the top route

postero-lateral 
bundle

hamstring
tendon graft

Fig. 34.3 A schematic illustration of a double-bundle ACL reconstruction using the physeal-

sparing technique [19]

Fig. 34.4 Intraoperative radiographs of the knee in the (a) anteroposterior and (b) lateral views

after guide wires were inserted using the partial transphyseal technique
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Fig. 34.5 An intraoperative arthroscopic image of the knee (a) and intraoperative fluoroscopy of

the proximal tibial physis (b). The bone socket can be created in the epiphysis with an 8 mm

retrograde drill

Fig. 34.6 A quadrupled semitendinosus tendon graft measuring 6 cm in length is prepared for a

partial transphyseal single-bundle ACLR
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34.3 The Physeal-Sparing ACLR Surgical Technique

A double-bundle ACLR is performed using a hamstring tendon. The AMB on the

femur is located in an over-the-top femoral position without a tunnel and the

femoral tunnel for the posterolateral bundle (PLB). Tibial tunnels are created to

avoid both the distal femoral and proximal tibial physes (Fig. 34.3). The AMB and

PLB on the tibia are placed in the anatomic position of each bundle using the native

ACL footprint as a positioning guide.

On the femoral side, we make a longitudinal incision of 3 cm in length to a more

proximal region from the lateral condyle of the femur, along the posterior border of

the iliotibial band. We push the lateral gastrocnemius muscle inward, and the

posterior capsule of the joint is detached using the fingers. A crooked forceps is

inserted into the posterior part from the medial infrapatellar portal. We touch the

forceps with fingers from the posterior articular capsule. The articular capsules

should be punctured with the forceps in the outer region and the more proximal

region; this is defined as the over-the-top region for the AMB. The PLB is

anatomically positioned by the outside-in technique (Fig. 34.8). With an outside-

in guide placed in the PMB footprint, a guide wire of 2.4 mm in diameter is inserted

distal to the femoral physis. An intraoperative X-ray is performed to check the

positional relationship between the physes and the guide wire in order to confirm

Fig. 34.7 (a) Anteroposterior and (b) lateral postoperative radiographs of a partial transphyseal

single-bundle ACLR
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that the physis is not damaged by the drilling. After confirmation, the femoral

tunnel for the PLB is created using the transepiphyseal technique with a 5–6 mm

drill.

On the tibial side, we make a longitudinal incision of 3 cm in length, 1 cmmedial

of the tibial tuberosity. We exfoliate the periosteum and expose the proximal tibial

physis (Fig. 34.9). From outside the joint, the drill guide is placed in the epiphysis,

1 cm medial of the tibial tuberosity in order to avoid damaging the proximal tibial

physis. In the joint, the tip of the drill guide is placed just behind the Parsons’ knob,
slightly medial from the center of the ACL footprint. This position corresponds to

the anatomical position of the AMB in adults. A guide wire with a diameter of

2.4 mm is introduced into the proximal tibial physis. Then, the guide wire for the

PLB

AMB
(over the top route)

Fig. 34.8 The placements,

in the femoral over-the-top

route, of the AMB and the

femoral tunnel for the PLB

in a physeal-sparing double-

bundle ACLR [19]

AMB PLB

physes

Fig. 34.9 The periosteum

is exfoliated and the

proximal tibial physis is

exposed. Two guide wires

are inserted for a physeal-

sparing double-bundle

ACLR, while the location of

the proximal tibial physis is

confirmed
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PLB is inserted. Outside the joint, the drill guide is placed a fingerbreadth from the

medial side of the AMB in order to avoid damaging the proximal tibial physis. In

the joint, the tip of the drill guide is inserted 7–8 mm posterior from the AMB,

facing outward at an angle of 10–20�. Following this technique, bone tunnels are

created in the epiphysis. Therefore, careful attention should be paid in order to

avoid inserting the guide wire at a shallow angle and damaging the articular surface

of the tibia. Moreover, special care should be paid in the placement of the guide to

avoid damaging the physes in drilling. We recommend that two guide wires be

inserted for the AMB and PLB while directly confirming the location of the

proximal tibial physis (Fig. 34.9). After the proper positioning of the inserted

guide wires is confirmed by intraoperative X-ray, the tibial tunnel is created with

the use of the transepiphyseal technique with a 6 mm drill for the AMB and a

5–6 mm drill for the PLB.

Two doubled hamstring tendon grafts of 6 cm in length are prepared, and the

graft passage is performed with a tight graft-tunnel interface that allows no room

between the graft and bone. A Telos artificial ligament® or a fiber wire is prelim-

inarily tied to each end of the tendon grafts. After an induction thread is introduced

through the bone tunnel, each of the tendon grafts (first the PLB and then AMB) is

inserted from the tibial side to the inside of the joint.

On the femoral side, the AMB is fixed in the metaphysis, away from the distal

physis, with double staples, and the PLB is fixed by an EndoButton® in the

epiphysis. Successively, on the tibial side, after load relaxation is achieved by

repeating the manual traction (manual max) of the tendon graft approximately

ten times, both the AMB and PLB are fixed simultaneously by double staples

with a tension of 30 N at 20� of knee flexion in the metaphysis away from the

proximal physis.

34.4 Postoperative Rehabilitation

Both of the surgical techniques follow the same postoperative rehabilitation proto-

col. The use of a continuous passive motion (CPM) machine is initiated from

postoperative day 2. Weight bearing (one-third of body weight) is permitted from

week 2. Full weight bearing is permitted from week 4. Jogging is permitted from

4 months after surgery, and full-speed running is allowed after 6 months. A com-

plete return to competitive sports is allowed at 8–10 months.

34.5 Results

During the postoperative follow-up period, no clinically significant growth abnormal-

ities were observed with either the partial transphyseal techniques or the physeal-

sparing techniques. One out of the 10 patients and 2 out of the 15 patients
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who underwent surgery with the partial transphyseal and physeal-sparing techniques,

respectively, showed positive results on a Lachman test (n.s.). One out of the

10 patients and 3 out of the 15 patients who underwent surgery with the partial

transphyseal and physeal-sparing techniques showed positive results on a pivot shift

test (n.s.). The mean side-to-side differences in KT-2000 (MED metric Corp. San

Diego, CA) measurements using the partial transphyseal and physeal-sparing tech-

niques were 1.2� 1.5 mm and 1.5� 1.5 mm, respectively (n.s.). The mean IKDC

scores using the partial transphyseal and physeal-sparing techniques were 95.7 and

96.7, respectively. Finally, the mean Lysholm knee scoring scales using the

partial transphyseal and physeal-sparing techniques were 97.5 and 99, respectively

(n.s.). Both techniques led to good clinical outcomes in patients with open physes

with results that were similar to those in adult patients without growth abnormalities.
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Chapter 35

Avulsion Fracture of the ACL

Takehiko Matsushita and Ryosuke Kuroda

Abstract Avulsion fracture of the anterior cruciate ligament (ACL) is seen in

pediatric patients and infrequently in adult patients. It primarily occurs during

sports activities and trauma. Inadequate treatment can cause pain, range of motion

limitation, and instability with subsequent deterioration of the knee joint. There-

fore, it is important to provide appropriate treatment to prevent such significant

complications. Treatments are generally chosen according to the extent of fragment

displacement and criteria of the fracture classification systems used for determining

treatment strategy. Surgical methods have varied among surgeons. Currently, no

gold standard surgical method exists; however, most of the reported results are

satisfactory. Surgeons need to consider the advantages and disadvantages of each

surgical method. The prognosis for patients with avulsion fracture of the ACL

appears to be good if appropriate treatments are applied. In this chapter, injury

etiology, mechanism, diagnosis, classification, treatments, and surgical methods,

including the author’s technique, will be described and discussed.

Keywords Avulsion fracture • Anterior cruciate ligament • Open epiphyses

35.1 Introduction

Avulsion fracture of the anterior cruciate ligament (ACL) is a fracture of the tibial

attachment site of the ACL, which is pulled out, rather than a tear in the substance

of the ACL. It is also called an “intercondylar eminence fracture of the tibia,” “tibial

eminence fracture,” “tibial eminentia fracture,” or “tibial spine fracture.” Although

a previous report suggested that ACL fibers could become elongated and damaged

when avulsion fractures occur [1], the ACL substance is well preserved in most

cases. Avulsion fractures of the ACL are seen in pediatric patients and infrequently

in adult patients. Patients manifest symptoms similar to those of patients with ACL

tears. Inadequate treatment can result in pain, range of motion limitation, and joint
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instability. Therefore, it is important to provide appropriate treatment to prevent

such significant complications, especially in young patients. Avulsion fracture of

the ACL often requires surgical treatment if the fragment is displaced although

surgical methods have varied among surgeons. Currently, no gold standard surgical

method exists; however, most reported results are satisfactory. In this chapter,

injury etiology, mechanism, diagnosis, classification, treatments, and surgical

methods, including the author’s technique, will be described and discussed.

35.2 Etiology, Mechanisms

Avulsion fracture of the ACL occurs during sports activities and traffic accidents.

Generally, it is seen more often in children than in adults, most likely because the

ACL attachment site on the bone is immature and biomechanically weak in children

[2]. Avulsion fracture of the ACL often occurs in children between ages 6 and

17 years [3–5]. Previous reports have suggested that the mechanism of injury is

direct force, with hyperextension of the knee and injury patterns similar to ACL

tears [6–9].

35.3 Classification

The fracture classification system of Meyers and McKeever [10, 11] is commonly

used. Their system classifies fracture patterns into three different types on the basis

of the displacement of the fragment (Fig. 35.1). Type I fractures are those with a

non-displaced or minimally displaced fragment. Type II fractures are those in

which the anterior part of the fragment is partially displaced superiorly without

complete displacement of the whole fragment. Type III fractures are completely

displaced fractures. Zaricznyj further divided type III fractures into subtypes IIIA,

IIIB, and IV (Fig. 35.1) [12]. Type IIIA fractures include completely displaced

Fig. 35.1 Classification of anterior cruciate ligament avulsion fractures
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fragments of the ACL insertion area. Type IIIB fractures include fragments from

non-ACL insertion areas, such as the whole intercondylar eminence, and fragment

rotation. Type IV fractures are comminuted fractures. These classifications are

useful for determining treatment choice, such as conservative treatment

vs. surgery, and for choosing surgical methods.

35.4 Diagnosis

Patients with avulsion fracture of the ACL usually exhibit swelling and

hemarthrosis. Manual tests for detecting ACL injuries, such as the Lachman test

and pivot shift test, can be positive. The Lachman test shows an unclear end point,

as is usual with ACL injury, and the examiner will feel an increased anteroposterior

translation of the tibia during the test. The pivot shift test may be difficult to

perform because of pain in the acute phase.

Displaced fragments can be detected by the standard anteroposterior view,

tunnel view, and lateral view on plain radiographs. Generally, the lateral view is

best for diagnosing avulsion fractures (Fig. 35.2). Computed tomography (CT) is

useful for evaluating fragment size and degree of displacement, and three-

dimensional CT (3D-CT) images assist with surgical planning, providing a whole

view of the fragment and fracture site (Fig. 35.3). Magnetic resonance imaging

(MRI) facilitates evaluation of the ACL mid-substance and other combined inju-

ries, such as meniscal and chondral injuries (Fig. 35.4). Johnson et al. reviewed

Fig. 35.2 X-rays of a 12-year-old girl. Anteroposterior view (left). Lateral view (right)

35 Avulsion Fracture of the ACL 439



20 pediatric tibial eminence fractures and found that six patients had associated

meniscal tears, which were seen more frequently in type III than in type II fractures

[13]. MRI also helps to detect non-displaced fracture. In most cases, the tibial

Fig. 35.3 Computed tomography. Three-dimensional computed tomography image shows the

displaced fragment and fracture site

Fig. 35.4 Magnetic resonance imaging. Magnetic resonance imaging shows continuity of the

anterior cruciate ligament fiber attached to the displaced fragment
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intercondylar eminence is avulsed. However, the femoral attachment site can also

be avulsed [14] and should be assessed carefully.

35.5 Treatments

Type I fractures can be treated conservatively. However, the treatment of type II

fractures is controversial. Some authors report acceptable results after conservative

treatment [15], while surgical treatment may promote faster progression of reha-

bilitation. Type III and IV fractures generally require surgical treatment, and

various surgical methods have been reported [16]. It has been suggested that the

transverse meniscal ligament can interpose within the fracture site and block

reduction of the fragment [17]. Therefore, the fracture site should be carefully

observed and checked to determine whether proper reduction can be obtained.

Previous reports have described techniques using screw fixation, suture anchor

fixation, and pullout suture fixation under open arthrotomy or arthroscopy [18–

27]. Recently, hybrid technique has been also reported [28, 29]. Each surgical

method has advantages and disadvantages, and surgeons need to consider the

potential complications associated with each method. For example, screw fixation

is a relatively simple technique but may not be suitable for comminuted fractures

and requires a second surgery for screw removal if metal screws are used. In

addition, impingement at near full extension may occur. Pullout suture techniques

are technically more demanding but are preferred for treatment of comminuted

fractures and fractures with small fragments, such as type IV fractures.

35.5.1 Conservative Treatment

Conservative treatment is usually immobilization of the knee by applying a cast.

Previous reports have recommended keeping the knee in maximum extension to

reduce the fragment for 4–8 weeks. Weight bearing is permitted 4–6 weeks after the

immobilization [30]. Keeping the knee in hyperextension for more than 4 weeks

may not be practical; therefore, a slightly flexed knee position of 10–20� can be

used if reduction of the fragment is maintained. Caution is needed when determin-

ing the knee position because the ACL becomes tight in extension, and maximum

extension may worsen the extent of the displacement.

35.5.2 Screw Fixation

Once proper reduction is achieved, the fragment can be temporarily fixed in place

with a guide wire transligamentally or from a superomedial position. The position

of the guide wire is carefully checked by an image intensifier. After measuring the

length of the screw, drilling is performed over the guide wire, and a 4.0–4.5-mm
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cannulated cancellous screw with or without washer is inserted anterior to posterior,

taking care not to damage the epiphyseal plate. Screw removal is necessary if a

metal screw is used. Screw fixation techniques using Herbert screw has been also

reported [31].

35.5.3 Pullout Fixation

Pullout fixation can be performed via arthrotomy or arthroscopy, with sutures

placed in ACL fibers just above the fragment through a mini-open incision.

Arthroscopically, sutures are placed with a suture hook. However, one of the

problems with using a suture hook is that the size of the hook is relatively large,

and the ACL fibers may be damaged when they are pierced. Therefore, a smaller

hook is recommended as described below in the author’s preferred method. Strong

sutures, such as FiberWire® and No. 2 Ethibond, are safest for holding the fragment

securely; however, absorbable or nonabsorbable sutures can also be used [32]. If the

fragment is temporarily fixed with a K-wire percutaneously, suture placement will

be easier. The sutures are once retrieved through a portal. Using a drill guide for

ACL reconstruction, a 2.4-mm K-wire is drilled. A suture retriever is inserted into

the K-wire hole, and the sutures placed in the ACL fiber are retrieved. Sutures are

tied over the tibial cortex.

35.6 Biomechanical Studies

To compare the initial strength of different methods of fixation, biomechanical

studies were conducted in ACL avulsion fracture models. Bong et al. compared

arthroscopic suture fixation with cannulated screw fixation using human cadaveric

knees. For the suture fixation, three No. 2 FiberWire® sutures were passed through

the tibial base of the ACL and tied over bone tunnels on the anterior tibial cortex.

For the screw fixation, a cannulated screw was used. The fixation with FiberWire®
showed a significantly higher mean ultimate strength than that of fixation with a

cannulated screw [33]. Anderson et al. compared the biomechanical strength of the

following four physeal-sparing techniques: (1) ultrahigh molecular weight polyeth-

ylene suture–suture button, (2) suture anchor, (3) polydioxanone suture–suture

button (PDS/SB), and (4) screw fixation technique using skeletally immature

porcine knees. They reported that the ultrahigh molecular weight polyethylene

suture–suture button technique was biomechanically superior to the other tech-

niques [34]. Senekovic et al. compared metal cannulated screw and washer fixation

with absorbable suture fixation in human cadaveric knees. The suture fixation was

found to be stronger than fixation with the cannulated screw and washer [35]. These

reports suggest that fixation with sutures may have a biomechanical advantage

compared with screw fixations. However, conflicting results were reported by other

studies. In et al. examined the initial stability of a suture anchor fixation, comparing

with a screw fixation and pullout suture fixation in human cadaveric knees. They
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reported that the failure strength of the suture anchor fixation was significantly

higher than that of the pullout suture fixation but it was not significantly different

from that of the screw fixation. In addition, they reported that the initial displace-

ment of the suture anchor fixation was lower than that of the screw fixation and the

pullout suture fixation, suggesting an advantage of the suture anchor fixation over

the other techniques [36]. Tsukada et al. examined the initial strength of three

different techniques, pullout suture fixation, and antegrade and retrograde screw

fixations in response to a tensile cyclic load in human cadaveric knees. The anterior

tibial translation was significantly increased in the pullout suture fixation compared

with the antegrade screw fixation, suggesting that antegrade fixation is biomechan-

ically more reliable than pullout suture fixation [37].

These biomechanical studies provided useful information in the surgical treat-

ment choice for ACL avulsion fractures. However, the cadavers used in the reported

studies were of advanced age, and the fracture models were not the same as the

fractures seen in patients. Therefore, results may differ in patients.

35.7 Clinical Outcomes in the Literature

A number of clinical outcomes after treatment for ACL avulsion fractures in

children and adults have been reported.

35.7.1 Conservative Treatment

Wilfinger et al. reported clinical outcomes after nonoperative treatment of fractures

of the tibial intercondylar eminence in 43 pediatric patients< 17 years (range

6–16 years) of age. The injuries comprised 14 type I, 13 type II, and 16 type III

fractures. Patients were treated with a long leg cast with the knee hyperextended for

3 weeks followed by casting at 10–15� flexion for another 2–3 weeks. Only one

patient showed a delayed union and needed surgical treatment; none of the patients

reported pain or “giving way” in their daily life. Therefore, the authors

recommended conservative treatment as a primary treatment choice for

intercondylar eminence fractures in children [15].

35.7.2 Arthroscopic Reduction with Cast

Prince and Moyer described a technique using arthroscopic reduction and casting

and reported a good postoperative outcome. The authors concluded that arthro-

scopic reduction of the tibial eminence followed by cast immobilization is a good

treatment choice because it eliminates the risk of damaging the physis and does not
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require subsequent surgery for hardware removal [38]. McLennan reported out-

comes of 35 patients, whose injuries included 20 type IIIA fractures and 15 type

IIIB fractures, treated with arthroscopic reduction combined with either casting

with the knee in extension or percutaneous pin fixation. He concluded that arthro-

scopic reduction combined with percutaneous pin fixation was an effective treat-

ment although lack of extension persisted in some patients [30]. Hallam

et al. performed an anatomical study creating an intercondylar eminence fracture

model using human cadaveric knees and found that the transverse meniscal liga-

ment tended to block reduction of the fragment. On the basis of this observation,

they performed arthroscopic reduction followed by immobilization in a cast with

the knee in hyperextension for 6 weeks on eight adolescents (mean age, 12.6 years)

with type II or type III fractures and reported good clinical outcomes [17].

35.7.3 Screw Fixation/Suture Fixation/Suture Anchor
Fixation

Senekovic and Veselko assessed the 5-year results of arthroscopic reductions

followed by anterograde fixations with a cannulated screw in 32 patients with

type II, III, and IV fractures. The authors reported that the average value for

KT-1000 after surgery was 1.1 mm, and overall results were successful. In addition,

they reported that the fixation was stable enough, even in type IV fractures, to allow

early range of motion exercise [22]. Wiegand et al. treated eight children with type

II or III fractures using 3.9-mm Herbert screws in a physeal-sparing manner and

reported successful results without major complications [31].

Hunter et al. examined clinical outcomes of 17 patients, age 7–60 years. Of

these, eight patients received suture fixations, and nine patients received screw

fixations. All patients had satisfactory results; however, skeletally immature

patients with suture fixation had better clinical outcomes [19]. Huang

et al. reported outcomes of 36 patients (age 17–73 years) who received an arthro-

scopic suture fixation with four No. 5 Ethibond polyester sutures and reported that

all patients obtained union within 3 months without major complications [20].

Louis et al. treated 17 pediatric patients (age 6–16 years) with type II fractures

by open reduction and internal fixation with sutures or a suture anchor. They

reported that none of the patients showed obvious instability, and all patients

were able to return to their original sports activities. The authors, therefore,

recommended surgical treatment for type II tibial intercondylar eminence fractures

in children [39]. Casalonga et al. retrospectively examined 32 children with avul-

sion fractures of the ACL, including 8 type I, 17 type II, 5 type III, and 2 type IV

fractures, who were treated both conservatively and surgically, with a mean follow-

up of 9 years. Type I and II fractures were treated conservatively, and types III and

IV were treated by open reduction and fixation with either sutures or a screw. The

mean side-to-side anteroposterior difference on KT-1000 testing was 0.88 mm for
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type I fractures, 0.82 mm for type II, and 0.30 mm for types III and IV together;

patients treated surgically showed better objective scores, such as IKDC score and

muscle power, than patients treated conservatively [4]. Tudisco et al. examined

long-term clinical outcomes in a group of 14 patients with avulsion fracture of the

ACL, including four type I, three type II, and seven type III fractures according to

the Meyers and McKeever classification. Seven patients were treated conserva-

tively, and seven patients were treated surgically, either by open reduction and

internal fixation or arthroscopic reduction and internal fixation. Thirteen patients

showed no obvious instability and returned to their original sports activity level,

whereas one patient with a type III fracture who was treated conservatively

developed gross instability. Other authors have concluded that good results can

be obtained by conservative treatment in type I fractures, whereas surgical treat-

ments are recommended for type II and III fractures [40].

35.8 Author’s Preferred Surgical Method

My colleagues and I prefer to treat ACL avulsion fractures using a pullout suture

technique under arthroscopy. We believe that the pullout suture technique can be

applied in most cases, including those with comminuted fractures. Our surgical

method is described below.

35.8.1 Procedure

Standard anterolateral and medial portals are created. Arthroscopic lavage is

performed to wash out the hematoma and obtain a clear view. The displaced

fragment and the location of the origin are carefully evaluated. We usually debride

the backside of the fragment and fragment bed. This helps reduce the fragment to its

original location. If surgery is delayed for some reason, the fragment may not fit the

original fragment bed, and an excessive debridement may be necessary. Sometimes

the medial meniscus will interfere with reduction of the fragment; therefore, the

position and orientation of the fragment must be carefully observed. Once reduction

of the fragment is estimated, a 2.4-mm K-wire or Hewson pins are inserted, using a

drill guide for ACL reconstruction, in the tibia at the margin of the fracture site.

Usually, penetrating the epiphysis with 2.4-mm K-wire does not cause growth

disturbance. However, if avoiding violation of the epiphysis is considered safer,

the position of the epiphysis needs to be determined under fluoroscopy. We usually

insert four wires, aiming at the corner of the fragment bed. Anterior pins can be

inserted without penetrating the epiphysis, but this may be difficult to achieve with

posterior pins. Next, the K-wires are replaced with suture retrievers. Two sutures

(No. 2 FiberWire®) are inserted into the ACL using a suture hook (SutureLasso™,

Arthrex, Inc., Naples, FL, USA). Sutures can be inserted in the position, anterior
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and posterior in vertical positions or a crisscross position (Fig. 35.5). Sutures also

can be placed in a figure-8 configuration if the fragment is comminuted, as reported

by Zao et al. [41] (Fig. 35.6). Each suture is then placed in the suture retriever and

pulled out. Sutures are tied on the periosteum of the tibia. A button can be used, if

necessary, to avoid cutting out the bone bridge. After the fixation is complete, the

knee is moved to check whether the fixation is rigid. Because the ACL becomes

tight in extension, careful observation of the status of the fragment during maxi-

mum extension is necessary. If rigid fixation is not obtained, a suture may be added

anteriorly, or the progression of postoperative rehabilitation should be delayed. A

similar operative procedure has been reported by Su et al. [21].

35.8.2 Postoperative Protocols

Immobilization with a cast or knee brace may be safest after surgery. The period of

immobilization depends on the stability of the fragment during the surgery. A knee

brace is applied for 2–4 weeks. The range of motion exercise is allowed 2–3 weeks

Fig. 35.5 Position of drill holes and sutures. Red dots show the position of the drill holes. Green
line shows sutures. (a) Sutures place in vertical positions. (b) Sutures placed in a crisscross

position

Fig. 35.6 Arthroscopic views. The probe shows the fragment peeled off the attachment site (left).
The pullout suture fixation is placed in figure-8 configuration (right)

446 T. Matsushita and R. Kuroda



after surgery. Partial weight bearing is started 2–3 weeks after surgery with a knee

brace in children. Full weight bearing is allowed 6 weeks after surgery. Activity

may be increased, depending on the status of the union. Jogging is usually permitted

3 months after surgery, and sports activity is permitted 4–6 months after surgery.

35.9 Conclusion

Avulsion fracture of the ACL is one of the common injuries seen in children.

Minimally displaced fractures can be treated conservatively, whereas displaced

fragments should be reduced properly and fixed with careful attention to the

epiphyseal plate. Various surgical methods have been reported, and surgeons

should know the advantages and disadvantages of each procedure. The prognosis

for patients with avulsion fracture of the ACL is acceptable if proper treatments are

applied.
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Chapter 36

Double-Bundle Technique

Takeshi Muneta and Hideyuki Koga

Abstract A recent operative technique of our revision double-bundle

(DB) anterior cruciate ligament (ACL) surgery with a four-strand semitendinosus

(ST) tendon is described in detail in this chapter. The use of the ST tendon is more

patient friendly than that of the bone-patellar tendon-bone, and the DB technique is

more reliable for achieving knee stability. Femoral tunnel creation is also important

for the revision surgery. The outside-in technique is generally recommended in the

revision DB surgery because of the adequate room for arthroscopic observation and

procedures. The recent behind-remnant technique is anatomically more reproduc-

ible for creating femoral tunnels. Tibial tunnel creation inevitably overlaps to the

previous tunnel at the aperture to the joint. Anterior aperture to the tibia should be

different from the previous tunnel in order to be placed in the fresh bony structure.

The outcome of the revision DB surgery is inferior to that of the primary recon-

struction. It is partly because the patients who require revision surgery have a higher

number of combined meniscus injuries and articular cartilage damages as well as

laxity of the secondary restraint.

Keywords Revision anterior cruciate ligament reconstruction • Double-bundle

reconstruction • Semitendinosus tendon • Operative details

36.1 Introduction

Anterior cruciate ligament (ACL) injury is well known as an injury that requires

surgical treatment and occurs frequently in athletes. It has been reported that the

incidence of anterior cruciate ligament reconstruction (ACLR) increased between

1994 and 2006, particularly in females younger than 20 years as well as those

40 years or older in the United States [1]. The prevalence of the ACL revision has
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not decreased in Sweden. The number of ACLR and revision surgeries has also not

changed between 2009 and 2012 in Sweden [2]. According to the Danish registry

for knee ligament reconstructions, the 5-year revision ACL reconstruction rate was

4.1%. Revision occurred most frequently after 1–2 years [3].

Knee stability after our ACL reconstruction has been improved over these years

due to our efforts [4]. However, additional surgeries after ACL reconstruction

including revision surgery after primary surgery, primary ACL reconstruction for

contralateral injury, and secondary surgeries for meniscus injury and hardware

removal are still common problems for the knee ligament surgeons. The number

of ACL reinjuries and revision surgeries after ACL reconstruction has not

decreased worldwide. The outcome of the revision ACL surgery should be

improved; in addition, researchers should take an increased interest in ACL injury

prevention. In reality, the outcome of revision surgery is worse than that of the

primary surgery [5].

We continue to perform a double-bundle (DB) reconstruction using a four-strand

semitendinosus tendon (ST) as our standard option for more than 20 years for a

patient who sustained an ACL injury [6]. As a revision surgery, a DB reconstruction

using the ST tendon is also our selection [7]. In this chapter, recent operative details

are described and discussed. The outcome of the revision surgery using ST, since

we started to perform anatomic DB reconstruction, is summarized.

36.2 Double-Bundle Technique Using Four-Strand

Semitendinosus Tendon

36.2.1 Indication for Double-Bundle Revision Surgery Using
Semitendinosus Tendon

A prospective comparison study of ACL reconstruction using autologous ST and

bone-patellar tendon-bone (BTB) grafts was performed in Tokyo Medical and

Dental University Medical Hospital more than 20 years ago. ACL reconstruction

with ST tendon resulted in more cases with better subjective evaluation, while a

higher number of cases with worse postoperative stability were observed in ACL

reconstruction with ST [8, 9]. Arthrofibrosis causing patients difficulty of kneeling

and increased pain in activities has been indicated after BTB reconstruction

[10]. Therefore, subjectively favorable tendon selection is thought to be more

appropriate in the revision ACL surgery. Less joint fibrosis occurs after hamstring

tendon ACL reconstruction, which will be patient-oriented graft selection. More-

over, use of the ST tendon alone for the reconstruction will give less morbidity to

the patient than both ST and gracilis tendon harvest [11]. Autologous tendon is

always used in Japan.

It is well known that the outcome of the revision ACL reconstruction is inferior

to that of the primary one [5]. It may be partly because a higher number of cases
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with complicated lesions of meniscus and articular cartilage cause a poor outcome

subjectively and objectively [12]. In some cases, prolonged unstable conditions will

change the normal knee kinematics accompanied by laxity of the secondary

restraints before the revision surgery. Some patients will heal poorly even though

the primary surgery was appropriately performed [13], while others were too

aggressive and too early to return to sports after the primary surgery. The operative

technique with the better stabilized function will be more preferable for the revision

cases, so that a DB reconstruction using the four-strand ST tendon is the standard

technique for us in the revision cases [7, 14].

However, another tendon is necessary for the revision surgery; therefore, the

contralateral ST tendon has to be harvested. While lacking scientific data, we

suspect that surgeons will hesitate to perform the revision surgery with the same

operative method using the same tendon. The cases with poor graft healing would

end up with the same poor outcome, especially in patients with a low level of

activity. The other aspect is that a patient will not want to have an incision in the

healthy limb. Therefore, our standard graft choice for the revision ACL reconstruc-

tion after primary reconstruction using hamstring tendons without apparent techni-

cal errors is a bone-patellar-bone (BTB) graft.

The current indications of the revision DB ACLR using an ST tendon in our

group are patients after primary BTB reconstruction, failure of the primary ham-

string tendon reconstruction due to apparent technical errors, and patients willing to

participate in repetitive jumping.

36.2.2 One- or Two-Stage Surgery

We have no experience in two-stage revision surgery so far, because the majority of

revision cases with nonanatomic high noon femoral tunnels did not show any

prominent tunnel expansion. Additionally, we lack research in regard to the impor-

tance and efficacy of bone grafting for the expanded tunnel. However, bony defects

with a diameter greater than 15 mm will need two-stage surgery [15].

36.2.3 Operative Details of Double-Bundle Revision Surgery
Using Four-Strand ST Tendon

36.2.3.1 Basic Consensus for the Technique

The basic operative method is the same as the primary one. We began using a more

reproducible and remnant-preserving DB technique of the behind-remnant

approach for femoral tunnel creation in 2012 [16]. During the remnant-preserving

DB technique of the behind-remnant approach for femoral tunnel creation, ACL

remnant is observed from the anteromedial portal and is not removed at all. Two
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femoral tunnels are created in the anatomic insertion area with the knee positioned

at 90� flexion. In a revision case, normal ACL anatomy is not easily observed or

reproduced; however, the remnant tissue including the previous ACL graft is

preserved as much as possible.

The most proximal portion of the femoral insertion of the normal ACL is

converged to the anterior proximal portion to the lateral wall of the intercondylar

notch as fibrous convergence (Fig. 36.2a, white line). The fibrous convergence is a

marker of the anterior limit of the AM graft. The distance from the articular surface

and the position of the posterior end of the articular surface are also the landmarks

for the AM tunnel creation. The PL tunnel is created as the perpendicular line of the

deepest point of the articular cartilage at 90� flexion is the proximal limit marker of

the PL tunnel, and the insertion remnant and distance from the articular surface are

also used as landmarks.

36.2.3.2 Femoral Tunnel Creation

Situations regarding previous femoral tunnels are classified into the following six

categories: (1) nonanatomic anteriorly created femoral tunnels regardless of the

procedures, (2) obviously expanded femoral tunnel by artificial ligament recon-

struction, (3) less expanded femoral tunnel by artificial ligament reconstruction,

(4) anatomic single-bundle reconstruction, (5) anatomic double-bundle reconstruc-

tion, and (6) BTB reconstruction. How to create femoral tunnel is indicated based

on each femoral tunnel situation. It is better to create the femoral tunnel in the fresh

bone that does not communicate a previous tunnel with the tendon.

Actual Procedures of Femoral Tunnel Creation

The creation of an anatomically correct femoral tunnel is possible through any

femoral tunnel creation method, such as transtibial, transportal, and outside-in

techniques.

However, to practice the behind-remnant approach more easily, the outside-in

technique will be the best because adequate room for arthroscopic procedures and

observation can be achieved [16].

Two femoral tunnels are created on the basis of anatomic structures as original

femoral attachment suggested by synovial change, most proximal end of the

articular surface, and articular surface (Fig. 36.1). The procedures are undergone

in a figure-four position. The anteromedial (AM) tunnel should be created not too

posteriorly but in the middle portion on the basis of the most proximal portion of the

articular surface because the original remnant of the AM portion could be observed.

On the other hand, because posterolateral (PL) tunnel is inclined to move anteriorly

and distally after reconstruction [17], it is recommended to create the PL tunnel in

the posterior portion of the original anatomic attachment. The distal and posterior

positioning is also supported with less graft length change.
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Normal ACL femoral attachment has a wide variety of anatomy in individuals. It

has been reported that bony landmarks are not always constant and reliable

[18, 19]. Now, we determine the tunnel positioning to reflect the anatomical

structures, such as residual tissue of the normal femoral attachment and articular

surface, from the behind remnant. The remnant tissue is usually preserved as much

as possible even when the previous graft was inserted in a nonanatomic

position [17].

Nonanatomic Anteriorly Created Femoral Tunnels Regardless

of the Procedures

In such cases, two isolated anatomic tunnels can be usually created apart from the

previous tunnel even if the tunnel expanded to some extent. We recently experi-

enced a case where primary thick slack graft disturbed the outside-in femoral guide

in reaching the anatomic femoral position, and the approach was converted to the

transportal technique (Fig. 36.3). The most proximal fibrous convergence of the

normal ACL (Fig. 36.2a, white line) is a marker of the anterior limit of the AM graft

with the behind-remnant observation. The distance from the articular surface and

the position of the posterior end of the articular surface are also the landmarks for

the AM tunnel creation. The proximal to distal axis of the normal ACL insertion is

proximal middle

distal distal (dotted line)

A B

C D

Fig. 36.1 Behind-remnant observation of the reinjured ACL femoral remnant. (a) Proximal

portion of the remnant, (b) middle portion, and (c) distal-middle portion. (d) Even after reinjury

of the reconstruction, the original femoral attachment can be identified arthroscopically
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assumed at the posterior limit of the direct insertion (Fig. 36.2a, b). The center of

the AM tunnel is put on the line with good margin to the articular surface and the

fibrous convergence as a landmark of the anterior limit. The PL tunnel is created

with the perpendicular line of the deepest point of the articular cartilage at 90�

flexion as the proximal limit. The insertion remnant and distance from the articular

surface are appreciated as landmarks. Also, an assumed proximal to distal axis of

the normal ACL insertion at the posterior limit and the distance from the articular

surface are also used as a landmark for the PL tunnel (Fig. 36.2b).

Obviously Expanded Femoral Tunnel by Artificial Ligament Reconstruction

When the previous reconstruction with an artificial ligament results in significant

expansion of the tunnel, two-stage surgery could be considered to prevent the new

proximal

distal

A

B

Fig. 36.2 Landmarks of

femoral tunnel placement

by the behind-remnant

approach

(a) White line indicates the
fibrous convergence of the

ACL as the center of the

most proximal portion of

the ACL. Dotted white line
indicates the assumed

proximal to distal axis of the

ACL. Red circle indicates
presumable placement of

the AM tunnel.

(b) Black dotted circle
indicates the normal

femoral insertion of the

ACL. Dotted white line
indicates the assumed

proximal to distal axis of the

ACL. Red line is
perpendicular from the

deepest portion of the

femoral joint surface. Blue
circle indicates presumable

placement of the PL tunnel
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tunnel from merging to the expanded tunnel. Polyethylene mesh artificial ligament

rarely presents such a problem because of good cooperation of the ligament to

adjacent bony tissue, such that a one-stage approach is usually selected regardless

of the previous tunnel position.

Less Expanded Femoral Tunnel by Artificial Ligament Reconstruction

Two anatomic femoral tunnels can be created without being disturbed by the

previous tunnel [7]. That is, two tunnels can be created at the margin of the previous

tunnel. By changing the direction of the new tunnels to the original tunnel, the bone

tunnel is refreshed for better healing of the graft tendon-bone junction.

Anatomic Single-Bundle Reconstruction

Even after an anatomic single-bundle reconstruction with some tunnel enlargement,

two anatomic tunnels can usually be created without compromising graft function

with the new tunnel merging to the previous one (Fig. 36.4–1, 36.4–2, 36.4–3,

36.4–4). In a case of previous anatomic single-bundle reconstruction, preoperative

Tunnel of primary ACLR Tunnels of revised ACLR

A B

C D

Fig. 36.3 Revision after a nonanatomic anteriorly created femoral tunnel. (a, b) 3-D CT presen-

tation of tibial and femoral tunnel post-revision surgery. (c, d) Tunnel of the primary surgery and

tunnels of the revision surgery are indicated by the blue area and red circles, respectively
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A B

Tunnel outline of primary of primary ACLR 

AM PL

AM

PL

A B

C D

Fig. 36.4 Revision after an anatomic single-bundle reconstruction.

(1) Preoperative two-directional radiographs. (a) Anterior-posterior view. (b) Lateral view. Pri-

mary tunnel placement is indicated by blue lines.
(2) Arthroscopic findings during the revision ACL reconstruction performed by portal technique.

(a) Created two tunnels in the anatomic femoral attachment. (b) Red circles point out the two

femoral tunnels more clearly. (c) AM graft insertion. EndoButton of PL graft is seen. (d) Final

findings after two grafts inserted.

(3) 3D CT indicates the position of the three tunnels of both primary and revision ACLRs. (a) and

(b) show the position of femoral and tibial tunnels, respectively. In (c) and (d), the blue area
indicates the position of the primary ACLR and red circles those of the revision ACLR.

(4) Post-revision two-directional radiographs. (a) Anterior-posterior view. (b) Lateral view.

Tunnel placement of femoral and tibial tunnels is indicated by red lines
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Original tunnel New tunnel for revision

A B

C D

A B

New tunnel

Fig. 36.4 (continued)
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radiographs suggested the original single tunnel positioned in the anatomic AMB

area. The AM tunnel during revision surgery was planned in the posterior part of the

original position with different tunnel orientations using a portal technique. Arthro-

scopic observation did not indicate an original tunnel orifice. With the behind-

remnant approach, AM guide wire was inserted successfully at the bony structure of

the posterior part of the original single tunnel. The postoperative 3-D CT indicated

that the newly created two tunnels were in the anatomic femoral attachment

position.

However, for the AM tunnel creation, creating an over-the-top route is another

option. An over-the-top route becomes more isometric by making a groove in the

lateral corner of the intercondylar notch, which will facilitate the tendon healing to

the bone.

Anatomic Double-Bundle Reconstruction

Careful preoperative planning is important in regard to using the same tunnel with

some overdrilling, or making a new route to the over-the-top route instead of the

previous AM tunnel, or performing two-stage surgery. We have not yet experienced

such a case where two-stage surgery is required.

Based on the preoperative radiographs and 3D CT, whether the previous bone

tunnel should be overdrilled or not had been determined for each AM and PL

tunnel. When the previous tunnel will be overdrilled, the new femoral tunnel should

be created by the other femoral tunnel creation technique. That is, if the previous

femoral tunnels were created by transtibial technique, the new tunnels had better be

created by portal or outside-in technique. Changed femoral tunnel creation tech-

nique will make the femoral tunnel direction change with refreshed bone tunnel

walls. When the position of the previous femoral tunnels was determined to change,

the new guide pin can be put on the edge of the previous tunnels or outer.

BTB Reconstruction

After BTB reconstruction, femoral tunnel expansion and bony defect of the lateral

wall of the intercondylar notch are not too much problematic because BTB graft has

two bony ends of its characteristics. Therefore, usual anatomic DB surgery is

performed regardless of where the previous tunnel was created.

36.2.3.3 Tibial Tunnel Creation

Situations regarding previous tibial tunnels are classified into the following three

categories: (1) massive tunnel enlargement, (2) anatomic tibial tunnel creation, and

(3) nonanatomic tibial tunnel creation posteriorly or laterally. Even when the

previous surgery was performed by a BTB graft, the aperture of the tunnel is
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usually not filled with a bony tissue. Two tibial tunnels should be placed in the

anatomic position.

However, the aperture of the previous tibial tunnel is usually in the anatomic

position anyhow. Making new isolated anatomic tunnels is impossible in the

majority of cases. We try to change the tunnel route to make a new entrance to

the tibial surface for each bundle (Fig. 36.4). When the tibial tunnel expansion is

obvious and the tibial tunnel fixation seems unstable, two-stage surgery could be

considered. We have not experienced such a case so far. To take care not to move

the graft laterally, new tibial tunnel aperture to the joint should be in the center of

the medial intercondylar eminence. Technically, it should be noted that the tip of

the tibial drill guide often sinks into the previous tibial tunnel; therefore, care

should be taken for the guide wire not to be placed posterior to the intended position

(Fig. 36.5).

36.2.3.4 Graft Fixation

As refraining from overlapping the new tibial tunnels to the previous one is

impossible, the graft length should be as long as possible in the tibial tunnels.

The new tibial drill holes should be created from more distal portion of the

anteromedial side of the tibia. For such a purpose, transtibial technique should

not be employed. At least 20 mm long graft is managed to be put in the bone tunnel.

Only semitendinosus tendon is harvested from the contralateral limb. The tendon is

cut into the halves and folded into two double-strand grafts. The least intraarticular

length of the AM and PL grafts is assumed to be 30 mm and 25 mm, respectively.

Pretension of the grafts is applied sufficiently manually and kept tensioned on a

graft preparing device.

Fig. 36.5 Tibial drill guide for AM and PL tunnels.

(a) Tibial drill guide for AM tunnel. (b) Tibial drill guide for PL tunnel; note the tip of the guide

sinks into the tibial tunnel
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Fixation Device

A suspensory fixation device such as EndoButton (Smith & Nephew Endoscopy,

Andover, MA, USA) is usually used for the femoral fixation. Pullout fixation

method using two fixation staples (anchor staple; Meira, Nagoya, Japan) is

employed for the tibial fixation. Sometimes, due to poor bone quality, stability of

tibial device fixation is not secure. In such cases, it is better to fix the tibial fixation

device in a more distal portion than usual, or an anchor screw can be used. With

such bone quality and tibial tunnel placement, it is not recommended to use soft

tissue interference fixation for this procedure. In many cases, the previous tibial

fixation device is removed.

Initial Graft Tensioning

Each graft is fixed to the tibial anchor staple with the cross-sectional area-matched

tension (the AM graft first, then the PL graft) at 20� of knee flexion. When the

diameter of the graft is 6 mm, 25 N tension is applied with a calibrated spring scale.

The initial tension is matched to the diameter of the graft as 30, 25, 21, and 17 N to

the graft diameter of 6.5, 6.0, 5,5, and 5.0 mm, respectively [20]. After initial

fixation, the balance and tension change of the two grafts are checked by probing.

Equal tensioning is proven at 20� of flexion without exception. It has been

suggested that balanced tension between two grafts is important [21].

36.2.3.5 Postoperative Management After Revision Surgery

Patients for revision ACL reconstruction have more frequent combined meniscus

injuries and articular cartilage damages, which cause knee kinematic changes

during physical activity [12]. Anterior tibial displacement is observed in some

cases preoperatively. Therefore, after re-stabilization by a revision surgery,

prolonged joint inflammation is more often experienced postoperatively. Such

joint inflammation is also experienced when a patient returns to sports. On the

other hand, general joint laxity and/or hyperextended knee are observed in patients

with revision surgery. They are apt to show a high pain threshold and poor muscle

strength recovery. Each patient’s knee condition as well as his/her personal char-

acteristics, such as poor healer or knee abuser, should be carefully evaluated.

Usually, the knee of a patient who required the revision surgery tends to become

loose. A longer period of knee brace wearing and prolonged crutch usage should be

considered for preventing recurrence of knee instability in the early period after

surgery. Another issue for patients of revision surgery is in respect to damaged
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structures of the meniscus and articular cartilage. Prolonged crutch usage, Cox-2

inhibitor prescription, and hyaluronan knee injection are considered to prevent

progression of osteoarthritis.

To prevent reinjury after the revision, more careful and repetitive exercises are

necessary. Exercises involving single-leg activities such as squatting and jumping

are very important. Biofeedback exercises are important to make patients aware of

their strength recovery. Core training and strengthening limb exercises are also

important after revision surgeries compared to usual primary reconstructions.

Stereotype progression of the postoperative schedule is less important for patients

after revision surgery. Preventing patient knees from becoming loose again should

be prioritized during the first several months after the revision surgery. Patient goals

for having a surgery vary more in patients of revision surgery than in those with the

usual primary surgery.

36.2.4 Clinical Results of the Revision Anatomic
Double-Bundle Reconstruction Using Four-Strand
Semitendinosus Tendon

Summarized outcomes of the revision ACL reconstruction are as follows. The cases

included were between July 2002 and December 2013. The anatomic DB recon-

struction began in June 2002 in our group. The total number of revision surgeries

was 25. Out of 25, eight patients were excluded from the summary: five bilaterally

injured cases and three patients who were followed up for less than 12 months. The

remaining 17 patients were ten males and seven females with an average age of

26� 12 years at the time of revision. One was a tri-revision case. Average follow-

up period was 33 months. The median follow-up was 24 months (range, 12–84).

The difference between the revised and the uninjured limbs was as follows:

Lachman test, negative 14, 1+ 3, and 2+ 0; anterior drawer test, negative 12, 1+

4, and 2+ 1; pivot shift (N-test maneuver), negative 10, 1+ 7, and 2+ 0; anterior

laxity measured by the KT-1000 (KT measurements), 2.4� 2.0 mm

(average� SD); Lysholm knee score, 92� 6 points (average� SD); sports perfor-

mance recovery, 81� 14% (average� SD of 10 patients who participated in some

sports); and subjective recovery, 86� 11% (average� SD).

The outcomes of rotational stability, KT measurements, Lysholm scale, and

sports performance recovery seemed inferior to those of the primary cases. In the

patient cases after July 2002, sports activities seem lower than in those of our

previous publication in 2010 [7].
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Chapter 37

Bone-Patellar Tendon-Bone Graft via Round

Tunnel

Yasuo Niki

Abstract Revision anterior cruciate ligament (ACL) reconstruction with bone-

patellar tendon-bone graft through a round tunnel has been perceived as a reliable

technique. Some patients present with marked expansion of the bone tunnel, but the

most important point is to reconstruct the ACL within the anatomical footprint,

followed addressing large bone defects. Preoperative three-dimensional planning

can help in understanding the degree of bone defect and precise tunnel direction.

Cartilage and meniscus damage at the time of surgery negatively affect subjective

outcomes due to persistent pain and a low rate of return to original sporting

activities. Surgical skill and flexibility are needed to tailor measures to the context

of the individual patient.

Keywords Anterior cruciate ligament • Bone-patellar tendon-bone • Revision •

Bone tunnel enlargement • Bone grafting

37.1 Why Is the Bone-Patellar Tendon-Bone (BPTB) Graft

Preferred in Revision Anterior Cruciate Ligament

(ACL) Reconstruction?

The outcomes of revision ACL reconstruction have been considered inferior to

those of primary ACL reconstruction [1–4]. As surgical techniques continue to

improve and hardware options increase, recent reports on revision ACL reconstruc-

tion have described satisfactory results comparable to primary ACL reconstruction

[5, 6]. In revision ACL reconstruction, graft choice is an important issue, especially

for young, active patients. Because the use of ipsilateral autografts without

disturbing the contralateral knee benefits the patient by avoiding injury to the

normal healthy knee, ipsilateral BPTB might offer the best substitute for the ACL

when hamstring autograft was used in primary ACL reconstruction, particularly in

countries where clinical use of allograft is unavailable. In the setting of pre-existing
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bone tunnel enlargement, soft tissue grafts are inappropriate because of concerns

about poor tunnel fixation of the graft. In this context, graft sources available for

bone-to-bone healing, such as BPTB and quadriceps tendon, will be selected to

allow rigid fixation within the bone tunnels.

The past clinical evidences show that primary ACL reconstruction sometimes

offers effective measures in the revision setting. Some studies have demonstrated a

higher incidence of instrumental instability associated with hamstrings, when

compared with BPTB autograft [7–9]. A meta-analysis concluded that BPTB

autograft was associated with few failures and achieved better stability as compared

to hamstring tendon autograft [10]. Indeed, numerous authors have preferred BPTB

autograft or allograft for revision ACL reconstruction, because of the possibility of

filling enlarged bone tunnels with attached bone plugs [1, 4, 11–13], but anterior

knee pain has been perceived as an unavoidable postoperative morbidity of this

graft [14].

This chapter reviews revision ACL reconstruction using conventional BPTB

graft via a round tunnel and focuses on where this technique generally stands in the

current situation of revision ACL reconstruction. In addition, our preferred proce-

dure of one-stage revision is described with a representative case of post-synthetic

ligament failure associated with a large bone defect in the femur.

37.2 Technical Tips for Revision ACL Reconstruction

Using Conventional BPTB Graft via a Round Tunnel

37.2.1 Preoperative Planning

Prior to revision ACL reconstruction, surgeons should decide on the graft type,

tunnel creation method, and necessity of bone grafting. If bone grafting is needed, a

decision is needed whether to perform a one- or two-stage procedure. In practical

preoperative planning, the most important information needed for the decision-

making process prior to revision ACL reconstruction is the three-dimensional

(3D) position of the original bone tunnel. Using both MRI and computed tomog-

raphy (CT) may allow a better understanding of the 3D position of the original

tunnel in relation to the ideal anatomical footprint. The original bone tunnel can be

categorized into three different patterns based on the placement in relation to the

ideal ACL footprint: correct position, indicating that the new bone tunnel should be

made using the same position and direction; complete malposition, indicating that

the original bone tunnel does not overlap with the ideal ACL footprint; and partial

malposition, indicating that the original bone tunnel partially overlaps with ideal

ACL footprint, and tunnel enlargement will definitely occur after new bone tunnel

creation. This last pattern sometimes requires bone graft from the tibia or iliac crest

in a one- or two-stage procedure.
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37.2.2 Bone Grafting

The degree of tunnel expansion and whether bone graft is needed to fix the graft

successfully should be considered prior to surgery. When tunnel expansion is

sufficiently large to preclude satisfactory fixation of the graft in a one-stage revision

procedure, one author has reported the superiority of two-stage procedures of

revision ACL reconstruction with prior bone grafting to the tunnel, providing

fixation conditions comparable to primary reconstruction [15]. Delivery and impac-

tion of bone graft into the femoral tunnel are technically difficult using arthroscopic

techniques, and the osteochondral autologous transfer system (OATS) grafting

instruments (Arthrex, Naples, FL) is useful for femoral and tibial tunnel impaction

grafting in two-stage procedures [16]. However, we fundamentally prefer a

one-stage procedure in any situation where sufficient fixation of the graft can be

achieved. Two-stage surgery on two separate anesthetic sessions might represent a

heavy burden for young, active patients.

In cases of post-synthetic ligament failure, newly created bone tunnels might be

enlarged after removal of synthetic material from former bone tunnels. In such

cases, secure graft fixation can be achieved by harvesting the lateral side of the

patellar tendon with bone plugs sized and trimmed as necessary to fill the enlarged

tunnel without bone grafting. Using this strategy, 20 cases of one-stage ACL

revision yielded favorable anteroposterior stability comparable to that of primary

ACL, even for post-synthetic ligament failure [17]. Although ACL revision in post-

synthetic ligament failure is a complicated and challenging operation, two-stage

procedure might not be needed by using BPTB graft.

Mounting evidence has been accumulated that an increased time to revision

correlates with increased meniscal and chondral lesions and development of radio-

graphic osteoarthritis [18, 19]. Moreover, surgeons can easily imagine that the

longer a patient continues to experience instability, the more frequently cartilage

damage and subsequent osteoarthritis will occur. ACL revision for patients with a

large bone defect might thus be caught in a dilemma between one- and two-stage

revision procedures.

37.2.3 Bone Tunnel Creation Technique

Along with assessments of the original position and degree of enlargement of the

bone tunnel, the direction of the bone tunnel should also be considered prior to

surgery. Three major methods have been used for bone tunnel creation in the femur,

including transtibial, transportal, and outside-in techniques (Fig. 37.1). When the

previous surgery was performed using a transtibial or outside-in technique, a

transportal technique is inevitably selected for the revision. Conversely, when the

transportal technique was used in the original procedure, the outside-in technique

should be used. When the bone tunnel has been enlarged or the anatomical ideal
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tunnel position overlaps the original tunnel position, a different tunnel direction

allows for rigid fixation of the bone plug in BPTB, regardless of graft fixation

devices, including various types of suspension devices and interference screws. In

this context, using the outside-in technique is an appropriate strategy to maintain

divergence between the original and new bone tunnels, since bone tunnel direction

can be arbitrarily controlled without disturbing the intraarticular entry point of

drilling. When an inside-out drilling technique through the far medial portal is used,

changing the knee flexion angle at the time of drilling can control the bone tunnel

direction and achieve mutual divergence between the original and new bone tunnels

(Fig. 37.2).

37.2.4 Osteophytectomy and Synovectomy

In the case of synthetic ligament failure, transient joint effusion due to wear debris-

induced synovitis is one factor associated with deterioration of subjective scores

such as Lysholm score, both before and after surgery [17, 20]. Concomitant

synovectomy and debridement of synthetic materials is necessary in this context.

If the original bone tunnels are positioned in ideal anatomical position, the tunnels

are reamed with a larger diameter to fresh cancellous bone, ensuring removal of

synthetic ligament debris and sclerotic margins in the tunnels. As most revision

cases possess varying degrees of osteophyte formation as a result of the progression

of osteoarthritis, osteophytes formed around the intercondylar notch should be

removed to prevent impingement of the ACL graft with the knee in extension.

Both medial and lateral marginal osteophytes should be removed (Fig. 37.3),

because anatomical positioning of the femoral bone tunnel aperture is prone to

causing impingement of the graft against the lateral wall of the intercondylar

notch [21].

Far anteromedial
portal

Outside-inTransportalTrans-tibial

Fig. 37.1 Three types of femoral tunnel creation technique. Bone tunnel direction should be

switched to an appropriate direction to ensure mutual divergence of the old and new tunnels, if the

old bone tunnel aperture partially overlaps with the anatomical footprint
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37.2.5 Graft Fixation

Current ACL revision aims to create new bone tunnels within the anatomical

footprint, so the length of the femoral bone tunnel might be short, especially

when the inside-out technique is adopted. As the femoral bone tunnel is around

25 mm long in patients of small stature, the socket for the bone plug should be made

as short as possible, ideally 15–20 mm. In this context, the same length of

Far medial portal

Original bone 
tunnel

New bone tunnel

Fig. 37.2 Strategy to change bone tunnel direction.

When the original bone tunnel is made using a transtibial technique, the transportal technique

should be used in revision ACL reconstruction. Knee flexion angle at the time of drilling affects

mutual divergence of the old and new tunnels, as well as position of the tunnel outlet in the femoral

cortex [22]

Torn ACL 

Osteophyte

Fig. 37.3 Osteophytectomy of the intercondylar notch. Medial and lateral marginal osteophytes

of the intercondylar notch should be removed using an osteotome to prevent graft-wall

impingement
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interference screw or adjustable suspension device can be used to secure the BPTB

graft. An adjustable suspension device may only allow the BPTB graft to be

inserted into the bone tunnel as deep as needed for the bone plug length of the

graft. When the original bone tunnel partially overlaps with the anatomical foot-

print of the ACL, the surgeons have to address substantial degrees of graft-tunnel

mismatch. For mismatch <5 mm, metal or biodegradable interference screws can

repair the defect. If mismatch �5 mm or a cylindrical bone defect exists after

removal of the previous interference screw, iliac crest autograft or synthetic dowel

graft can fill cylindrical bone defects without the need for allograft on one-stage

revision ACL reconstruction [23].

37.3 Clinical Results of Revision ACL Reconstruction

with BPTB Graft

Variations in concomitant pathological changes including collateral ligament,

cartilage or meniscus injury, and surgical techniques including graft choices

make it difficult to investigate clinical results of revision ACL reconstruction.

Variations of graft choice may also complicate clinical assessment and make

clear conclusions difficult to draw. Historically, clinical results for revision ACL

reconstruction have been assessed using three perspectives: clinical laxity as

measured with a KT-1000/2000 arthrometer, pivot shift test, or Lachman test;

clinical scoring such as IKDC, Lysholm score, and the Knee Injury Osteoarthritis

Outcome Score (KOOS); and radiographic changes progressing toward OA. To

date, successful achievement of stability after revision ACL reconstruction with

BPTB graft has been reported when assessed by KT-1000/2000, but subjective

scores for revision procedures were relatively poor compared to scores for the

primary procedure, since a higher incidence of associated injuries such as cartilage

damage and meniscus tear may cause pain and subsequent muscle weakness and

atrophy [24]. As in the graft maturation after primary ACL reconstruction, MRI

signals of the BPTB graft reflect maturation of the ligament after the revision

procedure. Graft intensity of the mid-substance increases from 3 months postoper-

atively, peaking at 6 months and decreasing thereafter (our unpublished data), quite

comparable to primary ACL reconstruction. Increased intensity of the BPTB graft

reportedly reflects the amount of synovial tissue embracing the graft and also

correlates with hypervascularity and cellularity of the graft itself [25, 26]. Further

improvement of imaging modalities such as MRI and CT might allow for monitor-

ing of the graft maturation process and occasional detection of biological failure

during the postoperative course of the reconstruction.
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Fig. 37.4 Revision ACL reconstruction combined with one-stage bone grafting. (a) Based on the

preoperative radiograph and 3D CT, the bone tunnel for the anteromedial bundle shows blowout of
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37.4 Representative Case: BPTB Revision with One-Stage

Bone Grafting

The patient was a 34-year-old, male recreational soccer player. He presented with

an unstable feeling in the right knee, after reinjuring his knee during a soccer game

5 years after an ACL reconstruction. The primary procedure had been a double-

bundle ACL reconstruction using synthetic ligament (Leeds-Keio ligament) and

lateral meniscus repair. After the primary surgery, he had rapidly recovered and

returned to the original sports activity of recreational soccer by 4 months postop-

eratively, due to the virtues of synthetic ligament. After reinjury, the patient

suffered gross knee instability. On examination, anteroposterior laxity as measured

by the KT-2000 arthrometer was 9 mm in side-to-side difference, and Lysholm

score was 65. According to preoperative CT, the intraarticular apertures of the two

bone tunnels were placed in acceptable positions, but the tunnel aperture of the

anteromedial bundle was positioned slightly deep, resulting in blowout of the

posterior cortex (Fig. 37.4a). Large bone tunnel expansion necessitating massive

bone grafting was anticipated, but the patient was in denial about two-stage surgery.

Revision ACL reconstruction was therefore performed using a BPTB graft, and

one-stage bone graft from iliac crest was simultaneously performed with OATS

grafting instruments (Arthrex, Naples, FL). After drilling a bone tunnel 11 mm long

and introducing the BPTB graft to the tunnel, two cylindrical grafts (8 mm in

diameter) harvested from the iliac crest were impacted to the enlarged bone tunnel

through a far anteromedial portal (Fig. 37.4b). This bone grafting technique is

fundamentally the same as the aforementioned two-stage technique. A metal

interference screw was finally inserted to completely secure the BPTB graft. On

the tibial side, the graft was also secured with the metal interference screw. After

4 years, the patient continued to play soccer, and MRI indicated very low inten-

sity signal of the entire graft (Fig. 37.4c). On examination, anteroposterior laxity

showed 2.0 mm of side-to-side difference, and Lysholm score was 90.

37.5 Conclusions

Revision ACL reconstruction with conventional BPTB graft through the round

tunnel has been perceived as a reliable technique, especially after primary ACL

reconstruction with hamstring tendons. Results of graft stability and the rate of

negative pivot shift test are satisfactory, but subjective scoring is inferior to primary

Fig. 37.4 (continued) the posterior cortex of the femur. (b) Large bone defect is apparent even

after introducing the BPTB graft (left upper panel). The first cylindrical bone plug (right upper
panel) and second bone plug (left lower panel) are introduced to the defect using OATS grafting

instruments. A metal interference screw is inserted to secure the graft rigidly. (c) At 4 years

postoperatively, radiographs and MRI indicate good placement and low signal intensity of the

graft
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ACL reconstruction due to persistent pain and a low rate of return to original sports

activities, likely associated with a high incidence of cartilage and meniscus damage

at the time of revision surgery. Surgeon skill and flexibility in taking measures

suited to each context are required. The point is how to reconstruct the ACL within

the anatomical footprint while addressing the large bone defect. Preoperative 3D

planning will help in understanding the degree of bone defect and appropriate

tunnel direction. With improving hardware to facilitate rigid graft fixation, appro-

priate hardware is a key factor in successful graft incorporation and maturation after

revision ACL reconstruction.
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Chapter 38

Anatomical Revision ACL Reconstruction

with Rectangular Tunnel Technique

Konsei Shino and Yasuhiro Take

Abstract Revision ACL reconstruction (ACLR) is technically difficult because of

pre-existing tunnels in the primary ACLR. We developed the anatomical rectan-

gular tunnel ACL reconstruction (ART ACLR) with a bone-patellar tendon-bone

(BTB) graft to mimic fiber arrangement inside the native ACL via smaller tunnels.

With a 10-mm wide graft, the cross-sectional area of the tunnels of 50 mm2 in ART

ACLR is less than that of 79 mm2 in a traditional 10-mm round tunnel procedure,

suggesting that tunnel encroachment would be less of a problem at the time of

revision ACLR with this novel technique. Thus, the ART ACLR technique could be

most frequently applied to the patients suffering from failed nonanatomical primary

ACLR. In this chapter, the indication and technical considerations for ART ACLR

as one-stage revision ACLR were described.

Keywords Anatomic rectangular tunnel ACL reconstruction (ART ACLR) •

Bone-patellar tendon-bone (BTB) graft • Nonanatomical primary ACLR •

One-stage revision ACLR

38.1 Introduction

As the native ACL is oblong in cross section of its midsubstance, a bone-patellar

tendon-bone (BTB) graft with rectangular cross section is one of the morpho-

logically suitable ones to mimic the native ACL for revision or primary ACLR

[1]. Biomechanically, a 10-mm wide BTB graft has sufficient maximum tensile

load (1.2� that for the normal ACL) with bone-tendon junctions and bone plugs

[2]. We developed the anatomic rectangular tunnel ACL reconstruction (ART

ACLR) with a BTB graft to mimic natural fiber arrangement inside the native
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ACL and to minimize tunnel size [3–5]. Thus the technique makes it possible to

create the tunnel aperture inside the attachment area. Biomechanically this recon-

struction technique is superior to the conventional transtibial tunnel single-bundle

procedure [6].

Revision ACL reconstruction (ACLR) is technically difficult because of

pre-existing tunnels in the primary ACLR [7]. The cross-sectional area of the

tunnels of 50 mm2 (5� 10 mm) in ART ACLR is less than that of 79 mm2 in a

conventional 10-mm round tunnel technique, if a 10-mm wide BTB graft is utilized.

For revision ACLR, therefore, the ART procedure is advantageous to leave more

space between the previous tunnels and the new ones. Since tunnel encroachment

would hypothetically be less of a problem, the ART ACLR technique could be more

frequently applied as one-stage revision procedure to the patients after failed

primary ACLR [8].

38.2 Surgical Principles

1. Create rectangular tunnels (parallelepiped tunnels with rectangular apertures)

inside the anatomic attachment areas regardless of pre-existing nonanatomic tun-

nels (Fig. 38.1). If the distance between the revision tunnel aperture and the primary

one is less than 3 mm, the latter is filled with an interference screw and/or bone

graft.

PFT

PTT

DSP + Screw

IFS

Pullout suture

Fig. 38.1 Schema of revision rectangular tunnel ACL reconstruction with a BTB graft. The bone

plug is fixed to the femur with a modified pullout suture technique using the DSP (double-spike

plate) and a screw or an interference screw (IFS), while tibial fixation is achieved with the pullout
suture technique using the DSP and a screw. New anatomic femoral tunnel can be properly placed

in most cases without overlapping tunnels regardless of the previous anterior femoral tunnel

(PFT). A new tibial tunnel is created to the aperture of the previous vertical tibial tunnel (PTT)
in most cases
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2. Reuse the pre-existing tunnel apertures if they were in the anatomic attachment

areas.

38.3 For Graft Choice

With this procedure, autogenous or allogeneic tendon grafts with or without bone

plugs can be used. As we are located in Japan where allogeneic tissues are not

readily available, our primary graft choice for revision is a BTB graft from the

contralateral knee or the one from the ipsilateral knee if it had not been used at the

time of the primary ACLR. However, the BTB graft may not be indicated for every

patient. For example, some judo wrestlers would not accept the BTB graft harvest

from the contralateral knee. They tend to prefer an unbalanced dominant leg to

well-balanced bilateral legs because of their sport event. For these patients, the

ART technique could be applied with semitendinosus tendon or quadriceps tendon-

bone graft if the double-/triple-bundle procedure might be compromised because of

pre-existing tunnel(s) [9]. On the contrary, rugby or American football players may

be good candidates for use of the contralateral BTB graft, because muscle imbal-

ance between legs could be dissolved. However, extremely careful postoperative

rehabilitation has to be taken to minimize anterior knee pain or thigh muscle

weakness after harvesting BTB graft from the healthy knee.

38.4 Surgical Technique and Technical Considerations

First, the primary graft should be thoroughly removed. Then, the revision technique

is exactly the same as the primary ART ACLR (Chaps. 7, 8, 9, 10, 11, 12, 13,14, 15,

16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, and 30).

38.4.1 With Properly Placed Previous Tunnels

After ART ACLR with BTB graft, the revision can be performed as the primary

ART ACLR using any type of graft: two double-looped semitendinosus tendon

grafts, quadriceps tendon-bone (QTB), or the contralateral BTB graft.

For failure cases following anatomic double-bundle ACLR using soft tissue

grafts including semitendinosus tendon, a new rectangular tunnel can be easily

created by dilating previous two tunnels. For those with mildly enlarged femoral

tunnel, the extra space may be filled with an interference screw of greater than

7 mm.
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However, for those with severely widened tunnels after repeated ACLRs,

grafting via over the top of the lateral femoral condyle as well as bone graft behind

the revision graft in the tibial tunnel may be considered.

38.4.2 With Improperly Placed Previous Tunnels

On the femoral side, the distance between the aperture rim of the previous tunnel

and that of the new tunnel is 5 mm or greater; the new femoral tunnel is created as

the primary ACLR leaving the primary tunnel. If the distance is less than 5 mm,

however, the primary tunnel may be filled with a titanium interference screw of

appropriate size.

On the tibial side, a tunnel placed too anteriorly is easily revisable by creating a

new tunnel behind the previous one. With the tunnel placed properly in the

attachment or malpositioned by 1 cm or less posteriorly, a divergent tunnel tech-

nique should be applied to obtain a new tunnel wall of fresh cancellous bone. When

the tunnels were posteriorly malpositioned exceeding 1 cm, however, the previous

tunnel should be filled with a bone graft or its substitute, as shown in Case 1.

38.4.3 Considerations at the Time of Graft Fixation

A 6-mm or larger interference screw may be used for femoral fixation (Fig. 38.1).

However, cortical suspensory fixation may also be considered with a small lateral

incision added, if the fixation is neither satisfactory nor applicable due to the

previous tunnel, thin tunnel wall or bone atrophy. Tibial fixation is achieved with

a modified pullout suture technique using DSP (Double Spike Plate; Smith-Nephew

Endoscopy, Andover, MA) and a screw in the same manner as the primary ART

ACLR [10].

38.5 Postoperative Rehabilitation

The postoperative rehabilitation is performed in the same manner as the primary

ART ACLR (Chaps. 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,

25, 26, 27, 28, 29, and 30).

An Illustrative Case

Case 1 with a previous surgery of single-bundle ACLR with hamstring tendon

graft via high/improper femoral tunnels and a posterior tibial tunnel

(Fig. 38.2).
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A 33-year-old female former basketball player who had undergone a single-

bundle ACLR by the other surgeon was suffering from persistent instability of her

right knee for years (Fig. 38.3). She underwent the revision ART ACLR using the

ipsilateral BTB graft, as well as medial meniscus repair, and restored stability

without loss of motion (Figs. 38.4, 38.5, 38.6, 38.7).

S

Fig. 38.2 Plain lateral radiographs of Case 1 who has been suffering from instability for years

after the primary ACLR. Note the interference screw for fixation (solid arrows)

(a) (b) (c)

Fig. 38.3 Appearances of the failed graft of Case 1. (a) Sagittal T2-weighted image showing the

continuity of the graft (solid arrow). (b) Coronal T2-weighted image showing wavy and irregular

appearance of the graft (dotted arrow). (c) Arthroscopic appearance of wavy and irregular

appearance in its proximal 1/3
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(a) (b)

Fig. 38.4 Revision ACLR for Case 1. (a) Arthroscopic appearance of the new rectangular femoral

tunnel aperture located in the anatomic attachment area (solid arrow) viewed via the anteromedial

portal. Note the interference screw for the primary failed ACLR to be removed (dotted arrow).
(b) The tip of the dilator showing the new rectangular tibial tunnel aperture just anterior to the

previous one (solid arrow) viewed down from the anteromedial portal

Fig. 38.5 Arthroscopic appearances of the revision anatomic ACL graft for Case 1. (a) No graft-

notch impingement in extension. (b) No graft-PCL impingement in flexion

Fig. 38.6 Plain radiographs after the revision ACLR for Case 1. Note the DSPs and screws for

fixation on the femur as well as on the tibia
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Case 2 with a previous surgery of double-bundle ACLRwith hamstring tendon

graft via improper nonanatomical femoral and tibial tunnels (Fig. 38.8).

A 17-year-old male soccer football player, who had undergone a single-bundle

ACLR on his right knee by the other surgeon 18 months ago, was suffering from

multiple subsequent surgeries including meniscectomy followed by persistent pain

and instability. Arthroscopy revealed lax nonfunctioning ACL graft, loss of medial

meniscus, and damaged articular surface of the medial compartment. He underwent

the revisionARTACLRusing the ipsilateral BTB graft and restored stability, while he

had to give up sports activity in fear of progression to severe joint degeneration

(Fig. 38.8).

(a) (b)

Fig. 38.7 3-D CT pictures showing femoral and tibial tunnel apertures after the revision ACLR

for Case 1. (a) Note the new anatomic rectangular femoral tunnel aperture (solid arrow) with the

bone plug inside (solid arrow). (b) Note the new rectangular tibial tunnel aperture just anterior to

the previous one (solid arrow). Note the bone graft behind the tunnel to fill out the primary tunnel

(dotted arrow)

Fig. 38.8 Arthroscopic findings of Case 2. Note lax nonfunctioning ACL graft (a), loss of medial

meniscus, and damaged articular surface of the medial compartment (b). He had to give up sports

activity in fear of progression to severe joint degeneration after the revision
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38.6 Summary of Clinical Results

The ART ACLR technique made it possible to create a femoral tunnel in the

anatomic attachment area in 30 of the 31 patients who had undergone the revision

in the author’s own practice between 2004 and 2008. The remaining one with

severe tunnel widening had undergone the grafting via over the top of the lateral

condyle. The tibial tunnel was successfully created without tunnel overlapping

within the tibial attachment area in 29 of the 30 patients, whereas the remaining

one required bone grafting to fill out the previous tunnel because of its posterior

location. None of the patients underwent staged surgeries. Of the 18 patients

directly followed for a minimum of 24 months, none reported giving way, subjec-

tive instability, or loss of motion, while one had retorn the graft at 28 months.

Quantitative anterior laxity measurement with KT-1000 showed the mean side-to-

side difference at maximum manual force improved from 6.8� 3.2 mm to

1.1� 1.4 mm with a range from �1 to 4 mm. One had sustained a tear of the

revision graft and underwent a second revision ACLR with the quadriceps tendon-

bone graft via the same tunnels [15].

However, it should be noted that the unstable knee due to failed ACL surgery

destroys the cartilage as well as meniscus over time, as nonfunctioning ACL graft

does not protect the cartilage or prevent early osteoarthritis (Case 2). Failed ACL

surgery should be anatomically revised as soon as possible.

38.7 Conclusion

The revision anatomic rectangular tunnel ACLR is one of the useful options to

manage unstable knee after failed ACL reconstruction.
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Chapter 39

One- vs. Two-Stage Revision Anterior

Cruciate Ligament Reconstruction

Shuji Taketomi, Hiroshi Inui, and Takumi Nakagawa

Abstract Revision surgery for failed anterior cruciate ligament (ACL) reconstruc-

tion is usually performed in a one- or two-stage procedure. Although a one-stage

revision procedure should be performed whenever proper or anatomical tunnel

creation and secure graft fixation can be achieved, in cases with incompletely

placed previous tunnel(s) or large bone defect, a staged procedure is sometimes

required. Revision ACL surgery after failed primary ACL reconstruction requires

careful preoperative planning using three-dimensional (3D) computed tomography.

An individualized approach should be used for each patient who needs a revision

ACL procedure according to not only previous tunnel location and bone defect but

also social background. A 3D fluoroscopy-based navigation system is a useful

option in one-stage revision ACL reconstruction for technically demanding cases.

Keywords Revision anterior cruciate ligament reconstruction • One-stage • Two-

stage • Bone grafting • Navigation

39.1 Introduction

Anterior cruciate ligament (ACL) reconstruction has become an increasingly com-

mon orthopedic surgery. With the increasing number of primary ACL reconstruc-

tions, revision procedures are likely to become more frequent. Although the

approach to revision ACL reconstruction should ideally follow the same funda-

mental principles as those applied to primary ACL reconstruction, several issues

need to be addressed, such as pre-existing implants, bone defects, and/or primary

tunnel malposition in cases with failed ACL reconstruction. In particular, a revision

procedure after failed primary ACL reconstruction with a synthetic ligament is a

technically challenging surgery because of not only the complicated removal
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process for synthetic ligaments within the primary tunnels but also enlargement of

bone tunnels [1].

Revision surgery for failed ACL reconstruction is usually performed in a one- or

two-stage procedure. In cases with tunnel widening and/or removal of the previous

implant, which leaves large bone defects, the staged procedure is sometimes

required. The first stage includes graft and/or implant removal and bone grafting

to the bone defect. After incorporation of the bone graft, revision ACL surgery can

be performed [2, 3]. The strongest advantage of the two-stage procedure is that after

the bone graft incorporation, any revision procedure can be performed as the

primary ACL reconstruction using any type of grafts in the second-stage surgery.

Meanwhile, the two-stage procedure has the following disadvantages: prolonged

treatment period, additional costs, and the risk for potential inherent complications

related to separate surgeries. Therefore, we think that one-stage revision ACL

reconstruction should be performed as far as possible whenever proper or anatom-

ical tunnel placement and stable graft fixation can be achieved. However, the

one-stage revision procedure often requires various options to resolve problems

which are pointed out above associated with failed primary ACL reconstruction.

Denti et al. reported 5 of 66 patients who underwent isolated revisions of ACL

reconstruction failures that needed two-stage operations [4]. Five two-stage oper-

ations were for arthrolysis (four cases) and prior tibial and femoral bone grafting

(one case). More than 90% of revision cases could be performed as a one-stage

operation.

Preoperative planning for a revision procedure is essential for a successful

outcome. A preoperative three-dimensional (3D) computed tomography

(CT) scan is a valuable and mandatory tool for evaluating previous tunnel location

and bone defect due to tunnel widening and/or removal of the previous implant. The

careful assessment of the cause of failed primary ACL reconstruction must also be

made. It should not be preliminarily determined whether a one- or two-stage

procedure is chosen, but it should be determined depending on the individual

case based on careful preoperative planning. An individualized approach should

be used for each patient who needs a revision ACL procedure according to not only

previous tunnel location and bone defect but also social background. Becoming

familiar with various sorts of techniques for revision procedures and graft fixation is

key to success in revision ACL reconstruction.

The surgical approach is largely dependent on the previous tunnel location [5]

and bone defect. Therefore, in this chapter, we describe appropriate revision pro-

cedures according to previous tunnel locations and bone defects due to tunnel

widening and/or previous implant removal. Moreover, we will introduce a surgical

technique using a navigation system for femoral tunnel creation in technically

demanding one-stage revision ACL reconstruction.
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39.2 Femoral Tunnel Creation

39.2.1 Previous Anatomical Femoral Tunnel Without
Tunnel Widening

39.2.1.1 One-Stage Revision

In patients after anatomical double-bundle ACL reconstruction using hamstring

tendon grafts without large tunnel widening (Fig. 39.1a), one-stage revision surgery

can be performed using previous tunnels with contralateral hamstring grafts

(Fig. 39.1b). For such cases, one-stage anatomical rectangular tunnel revision

ACL reconstruction can also be performed with a bone-patellar tendon-bone

(BPTB) graft by dilating the previous two tunnels (Fig. 39.1c).

In patients after anatomical rectangular tunnel ACL reconstruction using BPTB

graft without tunnel widening (Fig. 39.1d), one-stage revision can be easily

performed as the primary anatomical rectangular tunnel procedure using a contra-

lateral BPTB graft (Fig. 39.1e).

39.2.1.2 Two-Stage Revision

In such cases, a two-stage procedure is not required.

39.2.2 Previous Completely Malpositioned Femoral Tunnel

39.2.2.1 One-Stage Revision

In patients in whom previous femoral tunnels were significantly non-anatomically

placed and there was no bone defect within the femoral ACL footprint (Fig. 39.2a), a

new femoral tunnel(s) can be independently created anatomically in the same

manner as that in a primaryACL reconstructionwith any type of graft (Fig. 39.2b, c).

39.2.2.2 Two-Stage Revision

In such cases, a two-stage procedure is not required. Even if bone grafting is needed

for bone defects due to the previous tunnel or implant removal, bone grafting and a

revision procedure can be simultaneously performed.
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39.2.3 Previous Incompletely Malpositioned Femoral Tunnel

A previous incompletely malpositioned femoral tunnel is a common and technically

difficult situation encountered in revision procedures after failed primary ACL

reconstruction. Because the femoral tunnel is incompletely malpositioned and a

part of the previous tunnel exists within the anatomical footprint, it is difficult to

Fig. 39.1 (a–c) Preoperative three-dimensional (3D) computed tomography (CT) images of the

left knee demonstrating anatomical positioned femoral tunnels without tunnel widening. (b) Two

anatomical tunnels in a revision procedure using hamstring tendon grafts are marked. The previous

tunnels can be used. (c) The black ellipse shows anatomical rectangular tunnel position in a

revision procedure with bone-patellar tendon-bone (BPTB) graft by dilating the previous two

previous tunnels. (d, e) Preoperative 3D CT images of the right knee demonstrating an anatomical

positioned femoral rectangular tunnel without tunnel widening. (e) The black ellipse shows a new
anatomical rectangular tunnel in a revision procedure with a BPTB graft
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create a new femoral tunnel in the location without communication with the

previous femoral tunnel(s). (Fig. 39.3a)

39.2.3.1 One-Stage Revision

Shino et al. developed the anatomic rectangular tunnel ACL reconstruction with a

BPTB graft to mimic natural fiber arrangement inside the native ACL and to

minimize tunnel size [6, 7]. They applied this technique to patients after a failed

primary ACL reconstruction [8, 9]. Because the cross-sectional area of the tunnels

in their technique was less than that in a conventional round tunnel technique, the

rectangular tunnel ACL reconstruction could be more often performed as a

one-stage revision procedure. This technique is suitable for cases in which there

is a previous incompletely malpositioned femoral tunnel and there is not enough

space remaining for creating a new conventional tunnel. In cases in which there is a

previous incompletely malpositioned femoral tunnel and the distance between the

aperture rim of the previous femoral tunnel and posterior cartilage margin is more

than 5 mm, a rectangular tunnel can be created. (Fig. 39.3b) Shino et al. reported

that the femoral tunnel was created in the anatomic attachment area in 30 of the

31 patients who underwent revision procedures. We also used this technique for

one-stage revision procedures. The details on this are described later. If the distance

between the aperture rim of the previous tunnel and posterior cartilage margin is

less than 5 mm, overlap between the previous tunnel aperture and the newly created

one is inevitable. In such cases, a BPTB graft with the largest possible trapezoidal

bone block can be used as a substitute for rectangular BPTB reconstruction. A

Fig. 39.2 Preoperative three-dimensional (3D) computed tomography (CT) images of the left
knee showing a completely malpositioned femoral tunnel (black arrow). (a) The broken line shows
a lateral intercondylar ridge which was not destroyed by the previous tunnel. (b) The black ellipse
shows a new anatomical rectangular tunnel location in a revision procedure with bone-patellar

tendon-bone graft without communication with the previous tunnel. (c) Two anatomical tunnels in

a revision procedure using hamstring tendon grafts without communication with the previous

tunnel are marked
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rectangular BPTB graft can also be used, and the remaining bone defect just needs

to be filled with an interference screw.

In cases in which the over-the-top procedure is primarily performed, although

there is a small bone defect within the femoral footprint, a large bone defect is not

usually observed (Fig. 39.6a, b). A rectangular tunnel procedure can be performed

with BPTB graft in one-stage revision for such cases (Fig. 39.6c, d).

Fig. 39.3 (a, b) Preoperative three-dimensional (3D) computed tomography (CT) images of the

left knee showing a previous incompletely malpositioned femoral tunnel. (b) The black ellipse
shows a new anatomical rectangular tunnel location in a revision procedure with a bone-patellar

tendon-bone (BPTB) graft without communication with the previous tunnel. (c, d) Preoperative

3D CT images of the left knee showing an anatomical positioned femoral tunnel with large tunnel

widening. (d) The black circle shows a tunnel position in a revision procedure using a BPTB graft

with the largest possible trapezoidal bone block as a substitute for rectangular BPTB

reconstruction
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39.2.3.2 Two-Stage Revision

For cases in which revision procedures using BPTB or quadriceps tendon graft with

bone plug are not feasible and there is not enough space remaining for creating a

new tunnel for a double-bundle procedure, two-stage revision surgery is needed.

During the first surgery, bone grafting of the bone defects with autografting is

performed. Then, second-stage surgery can only be performed after bone-to-bone

healing has occurred. According to the literature, incorporation of the bone grafts

can take 10 weeks to 6 months [2, 10, 11]. Once the bone grafts incorporate with the

femoral condyle, any revision procedure can be performed as the primary ACL

reconstruction using any type of graft.

39.2.4 Previous Anatomical Femoral Tunnel with Large
Bone Defect

In patients in whom previous femoral tunnels were anatomically placed and there

was a large bone defect in the lateral femoral condyle due to tunnel widening and/or

previous implant removal (Fig. 39.3c), it is difficult to choose between one- or

two-stage revisions.

39.2.4.1 One-Stage Revision

A BPTB graft with the largest possible trapezoidal bone block can be used as a

substitute for rectangular BPTB reconstruction (Fig. 39.3d). A divergent tunnel

may lead to early bone-to-graft healing and secure graft fixation. A remaining bone

defect can sometimes be filled with a bioabsorbable or metal interference screw. An

impacted bone graft can also be used [12]. In such cases, creating bone tunnel

(s) within the anatomical position and using a soft tissue graft may result in failure

of a graft fixation.

In cases in which anatomical tunnel creation is not feasible because of a bone

defect in the lateral femoral condyle, an over-the-top procedure may be considered.

Usman et al. stated that the over-the-top route procedure was a valuable option for

revision ACL reconstruction for cases in which the bone tunnel could not be created

in an anatomical position because of tunnel enlargement and overlap with the

malpositioned tunnel of primary reconstruction [13]. Over-the-top ACL reconstruc-

tion involves placing a graft by routing it through the notch and around, posterior to

the lateral femoral condyle. As a result, bone grafting and creating new femoral

tunnels can be avoided in the revision procedure. They concluded that the clinical

results of the over-the-top route procedure were almost equivalent to those of

anatomical single-bundle revision reconstruction in their study. Hofbauer

et al. also used one-stage revision ACL reconstruction using the over-the-top
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technique for patients who have extensive expansion of anatomically placed fem-

oral tunnels [10]. Prior to passing the graft, they created a groove with a rasp to

guide the graft around the posterior aspect of the medial wall of the lateral condyle

as well as to induce bleeding for theoretically improved healing of the soft tissue

graft to the bone.

39.2.4.2 Two-Stage Revision

In the same way as the case with a previous incompletely malpositioned femoral

tunnel, two-stage revision surgery may be chosen. If the surgeon or patient prefers

soft tissue grafts and would like to avoid the over-the-top procedure, bone grafting

is needed as the first-stage surgery.

39.3 Tibial Tunnel Creation

Severe tibial tunnel malposition is less common than femoral tunnel malposition.

However, a staged revision procedure is required only in a case with a large bone

defect or incompletely malpositioned tibial tunnel.

39.3.1 Tibial Tunnel Creation in One-Stage Revision

If the previous tibial tunnel is created too much to the anterior or posterior side, a

new tibial tunnel(s) can be independently created in the same manner as that in a

primary ACL reconstruction with any type of graft.

In patients after anatomical double-bundle ACL reconstruction using hamstring

tendon grafts without large tunnel widening, one-stage revision surgery can be

performed using previous tunnels with contralateral hamstring grafts. One-stage

anatomical rectangular tunnel revision ACL reconstruction can also be performed

with a BPTB graft by dilating the previous two tunnels or in cases following

anatomical rectangular tunnel ACL reconstruction using a BPTB graft without

large tunnel widening.

If the previous tibial tunnel is incompletely non-anatomically located, in partic-

ular posteriorly, one-stage anatomical rectangular tunnel revision ACL reconstruc-

tion can be performed with a BPTB graft. For such cases, a new tibial tunnel should

be divergently created to the previous tunnel. If a bone defect more than 10 mm

remains behind the new tunnel, the previous tunnel should be filled with a bone

graft [9]. These techniques are hard to be applied to a revision procedure using a

soft tissue graft.
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When there are two previous tibial tunnels after double-bundle primary ACL

reconstruction and one of two tunnels is anatomically located, a one-stage proce-

dure can be performed by dilating the previously placed tunnel.

39.3.2 Tibial Tunnel Creation in a Two-Stage Revision

In cases in which anatomical tunnel creation is not feasible because of a large bone

defect or in which overlapping of a new tibial tunnel and the previous tunnel is

inevitable and a BPTB graft or other graft with a bone plug cannot be used,

two-stage revision surgery is needed. In the same way as that for femoral tunnel

creation, bone grafting of the bone defects is performed as a first stage. After bone-

to-bone healing, second-stage surgery can be performed.

39.4 Bone Grafting Device

Refilling of a bone defect usually requires bone harvesting from the iliac crest. Said

et al. described a technique for femoral and tibial tunnel impaction grafting in a

two-stage revision procedure using the osteochondral autologous transfer system

(OATS; Arthrex, Naples, FL) [14]. According to the authors, the appropriately

sized OATS harvester was chosen 1 mm larger than the tunnel size and was used to

harvest a bone graft from the iliac crest through a percutaneous approach. They

concluded that the second stage can be performed 6–10 weeks after the first stage.

Grote et al. developed a procedure combining minimally invasive intramedullary

bone harvesting from the proximal femur using a reamer-irrigator-aspirator system

with arthroscopic tunnel refilling [15]. Franceschi et al. used autologous bone from

the medial tibial metaphyseal safe zone to manage femoral bone defects [16]. Wong

et al. described a simple technique using the elasticity and transparent properties of

a chest drain, which effectively delivers the bone graft to the femoral tunnel

defect [3].

39.5 A One-Stage Femoral Tunnel Creation Procedure

Using a Navigation System for Technically

Demanding Cases (Author’s Technique)

Computer-assisted surgery has recently been introduced to improve the accuracy

and reproducibility of tunnel creation during ACL reconstruction [17–19]. We have

been using a 3D fluoroscopy-based navigation system for accurate and reproducible

placement of the femoral tunnel(s) in primary ACL reconstruction [20, 21]. This
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computer navigation is particularly useful for revision ACL reconstruction because

it enables visualization of the whole previous femoral tunnel or the pre-existing

hardware inside the femoral bone, which is not arthroscopically visible [22]. Osse-

ous landmarks, such as the lateral intercondylar ridge or lateral bifurcate ridge,

which are crucial to the identification of the femoral insertion of the ACL, cannot

often be identified because of previous femoral tunnel(s) in a revision procedure.

Using this imaging system, orientation of the lateral wall and the roof of the femoral

intercondylar notch can be easily identified even if the natural morphology of the

intercondylar notch was destroyed in the previous procedure. Here we describe a

surgical technique using a 3D fluoroscopic-based navigation system for femoral

tunnel creation in technically demanding one-stage revision ACL reconstruction.

39.5.1 Graft Selection and Preoperative Planning

The BPTB graft is our current preference for revision ACL reconstruction because

direct bone-to-bone healing is expected, resulting in secure and consistent fixation.

In addition, even if a bone defect exists, a BPTB graft with a large bone plug can fill

the bone defect. Hamstring tendon grafts or quadriceps tendon grafts can also be

used. The femoral bone plug is usually 5–6 mm thick, 10 mm wide, and 15 mm long

for a rectangular tunnel placement as described by Shino et al. [6, 7], except in cases

with a large femoral bone defect. As previously mentioned, because the cross-

sectional area of the tunnels required for rectangular ACL reconstruction is less

than that for the round tunnel technique, this method is advantageous as it allows

surgeons to consistently avoid overlap with tunnels from prior surgeries.

Again, it is essential to perform preoperative planning using 3D CT images

before every revision procedure. The principle is to create a new femoral tunnel for

a BPTB graft inside the anatomic footprint. This navigation system works best for

cases with previous incompletely malpositioned femoral tunnels and previous

anatomical femoral tunnels with a bone defect. In case in which there is a previous

incompletely malpositioned femoral tunnel and the distance between the aperture

rim of the previous femoral tunnel and posterior cartilage margin is more than

5 mm, a rectangular tunnel can be created. On the other hand, when there is a

previous incompletely malpositioned femoral tunnel and the distance is less than

5 mm, overlap between the previous tunnel aperture and the newly created one is

inevitable. In such a case, a divergent tunnel can be created with the assistance of

the navigation system. If a large femoral tunnel bone defect exists, a BPTB graft

with a trapezoidal bone block is used as a substitute for rectangular BPTB recon-

struction to fill the bone defect.
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39.5.2 Intraoperative Image Data Acquisition

At the beginning of the surgery, the reference frame (Orthopaedic Frame HC;

Medtronic, Louisville, CO) is attached rigidly to the femur with two half pins

(Fig. 39.4a). Intraoperative 3D images are acquired with the C-arm of Arcadis

Orbic 3D (Siemens AG, Erlangen, Germany) (Fig. 39.4b). The C-arm of the image

intensifier is equipped with a wireless tracker (Stealth Active wireless tracker S/N

130; Medtronic) for navigation registration. The acquired image data are trans-

ferred to the navigation computer (StealthStation TRIA plus; Medtronic)

(Fig. 39.4c), and a 3D image of the distal femur is reconstructed on the computer

display screen. The medial half of the 3D reconstructed distal femur is deleted using

computer software for a better view of the lateral wall and the roof of the femoral

intercondylar notch (Fig. 39.5b). The obtained 3D model can be rotated and viewed

from an arbitrary angle on the navigation monitor [22].

39.5.3 Computer Navigation-Assisted Femoral Tunnel
Creation

Any metal hardware inside or outside the femoral bone is removed in case it may

interfere with the creation of the new anatomical femoral tunnels(s). However,

because navigation view allows the surgeon to create a new femoral tunnel without

any interference with the retained hardware, it does not need to be removed in most

cases. The insertion of guide wires for the femoral tunnel is performed using a

femoral guide equipped with a tracker (SureTrak2 Universal Tracker, Large Passive

Fighter; Medtronic). With an arthroscope introduced through a medial portal, the

tip of the femoral guide can be arthroscopically placed through a far anteromedial

portal [23] at the designated location. The navigation enables the surgeon to

confirm the position of the femoral guide tip on the 3D reconstructed image in

real time (Fig. 39.5b).

Fig. 39.4 Three-dimensional fluoroscopy-based navigation system. (a) Reference frame fixed

with two half pins inserted into the right femur. (b) Intraoperative three-dimensional images are

acquired with the C-arm. (c) The acquired image data are downloaded to the navigation computer
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Keeping the femoral guide tip at the target point, the knee is fully flexed. On the

navigation display screen, the surgeon can then identify the whole image of the

lateral wall of the femoral notch (Figs. 39.5 and 39.6). Additionally, the surgeon is

able to monitor any apertures of previous tunnels on navigation screen (Figs. 39.5

and 39.6), even when the arthroscopic visualization of the lateral wall of the

intercondylar notch is disturbed because of limited flow across the joint or an

impeding fat pad in deep knee flexion. Next, the 3D image was rotated 90� on the

navigation display screen, and the risk of a back wall blowout can be evaluated

(Fig. 39.7a). Finally, the 3D image is rotated 180� to show the lateral aspect of the

distal femur on the navigation monitor. Visualization of the virtual exit of the

femoral tunnel on the monitor enables the surgeon to avoid communication

between the primary and revision tunnel exits or collision between a new tunnel

exit and a retained hardware on the lateral cortex (Fig. 39.7d, e). The total length of

the femoral tunnel can be evaluated at the same time (Fig. 39.7a). During these

procedures, the axial, coronal, and sagittal two-dimensional image of any point can

also be viewed. These views are a powerful tool, allowing the surgeon to create a

new femoral tunnel without any interference with the previous tunnel or the

retained hardware [22] (Fig. 39.7b, c).

Fig. 39.5 Arthroscopic and navigation views of the lateral femoral condyle and the femoral guide

in the left knee. (a) Arthroscopic view of the lateral wall of the femoral intercondylar notch can be

obtained through the anteromedial portal with the knee at 90� flexion. The black triangles show the

previous incompletely malpositioned tunnel aperture. The tip of the femoral guide is placed within

the anatomical femoral footprint through a far anteromedial portal. (b) Navigation view of the

lateral wall and roof of the femoral intercondylar notch on the three-dimensional reconstructed

image. The white arrow shows the previous incompletely malpositioned tunnel, and the blue line
shows the tip of the femoral guide
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39.6 Summary

Revision ACL surgery after failed primary ACL reconstruction requires careful

preoperative planning using 3D CT. Although one-stage revision procedures should

be performed whenever possible when proper or anatomical tunnel creation and

secure graft fixation can be achieved, in cases with incompletely placed previous

tunnel(s) or large bone defect, a staged procedure is sometimes required. A 3D

fluoroscopy-based navigation system is a useful option in one-stage revision ACL

reconstruction for technically demanding cases.

Fig. 39.6 (a–d) An illustrative case (right knee) with a bone defect after failed over-the-top route
ACL reconstruction. (a) Arthroscopic view of the lateral wall of the femoral notch with a bone

defect (white triangles) from the anteromedial portal. The knee was at 90� of flexion. (b) On the

navigation computer screen, the surgeon can identify the whole image of the lateral wall of the

femoral notch during surgery, whereas the natural morphology of the lateral wall of the

intercondylar notch was destroyed by the previous reconstructive surgery.

Arthroscopic view (c) and medial view of a postoperative three-dimensional (3D) computed

tomography (CT) reconstruction (d) of an anatomically created rectangular femoral tunnel

(white arrow) for a bone-patellar tendon-bone (BPTB) graft overlapped with a proximal bone

defect (white triangles).
(e–h) An illustrative case (left knee) with the previous incompletely malpositioned femoral tunnel.

(e) Arthroscopic view of the lateral wall of the femoral notch with the previous incompletely

malpositioned femoral tunnel (black triangles) from the anteromedial portal. The knee was at 90�

of flexion. (f) The whole image of the lateral wall of the femoral notch and the previous

incompletely malpositioned femoral tunnel are identified on the navigation computer screen.

Arthroscopic view (g) and medial view of a postoperative 3D CT reconstruction (h) of the

anatomically created rectangular femoral tunnel (black arrow) for a BPTB graft without commu-

nication with the previous tunnel (black triangles)
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Chapter 40

Complications of ACL Reconstruction

Satoshi Ochiai, Tetsuo Hagino, and Hirotaka Haro

Abstract Anterior cruciate ligament (ACL) reconstruction can be conducted endo-

scopically as a minimally invasive procedure. Moreover, since most of the patients

who undergo ACL reconstruction are healthy young persons, the risk associated

with ACL reconstruction is low. However, complications do occur at a considerable

rate. Compared to other basic arthroscopic surgeries, the incidence of complications

of ACL reconstruction is relatively high. A possible reason is that the procedures

are complicated requiring bone preparation, tendon graft harvesting, and retention

of internal fixation materials. The representative complications include anterior

knee pain, limited range of motion in the knee, graft failure, infection, nerve injury,

and deep vein thrombosis. In this chapter the status of occurrence of complications

during and after ACL reconstruction, the risk factors, and treatments are discussed.

Many of the complications can be prevented by performing the procedure cau-

tiously and with scrupulous attention. It is important to perform ACL reconstruction

fully aware of the potential intraoperative and postoperative complications and the

prevention and management approaches.

Keywords Anterior cruciate ligament reconstruction • Operative complication •

Arthroscopy

40.1 Introduction

The incidence of complications of arthroscopic knee surgeries in general is low; the

rate was 0.27% in our survey and ranged from 0.8 to 4.7% in other previous studies

[1]. Anterior cruciate ligament (ACL) reconstruction can also be conducted by

arthroscopic surgery as a minimally invasive procedure. Moreover, since most of
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the patients who undergo ACL reconstruction are healthy young persons, the risk

associated with ACL reconstruction is low. Nevertheless, complications do occur

during and after reconstruction, and the rate is not necessarily low (Table 40.1). A

possible reason is that although ACL reconstruction is an endoscopic surgery, the

procedures are complicated requiring bone preparation, tendon graft harvesting,

and retention of internal fixation materials. In this chapter the status of occurrence

of complications associated with ACL reconstruction, the risk factors, and man-

agement approaches is discussed.

40.2 Intraoperative Complications

40.2.1 Bone and/or Cartilage Injury

When creating the femoral bone tunnel, drilling as well as placement and fixation of

interference screws may cause blowout fracture in the posterior femoral cortex. The

incidence of this type of fracture has been reported to be 1.2% [2], and the causes

include inappropriate size or position of the femoral bone tunnel and insufficient

flexion of the knee joint during the surgical procedure.

When performing reconstruction using bone-patellar tendon-bone (BPTB) graft,

patellar fracture may occur intraoperatively. The major causes are excessive bone

cutting and aggressive levering. The reported incidence ranges from 0.6 to 1.5% [2, 3].

Furthermore, manipulation of complicated surgical devices under the endoscope

may cause damage to the articular cartilage. In recent years, the anteromedial portal

technique, which has the merit of providing more anatomical placement of the bone

tunnel, has grown in popularity. On the other hand, articular cartilage damage

associated with this technique is becoming an issue. While creating the femoral

bone tunnel using this method, the reamer head may injure the articular cartilage of

the medial femoral condyle, and the risk increases as the portal is located far

Table 40.1 Incidence of complications associated with ACL reconstruction

Complication Incidence (%)

Intraoperative

Nerve injury (infrapatellar branch) 22–59 [7, 8]

Tunnel malposition 15 [18, 19]

Breakage (bioabsorbable interference screw) 3.4 [2]

Fracture (patellar) (blowout) 0.6–1.5 [2, 3]

1.2 [2]

Postoperative

Anterior knee pain 11–56 [24, 25]

Limited knee range of motion 4–35 [32]

Graft failure 0.7–34.4 [42–45]

Infection 0.14–1.85 [52, 53]

Deep vein thrombosis 1.5–14 [60–62]
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medial. In addition, drilling may also damage the articular cartilage of the lateral

femoral condyle and the posterolateral knee structures. The risk increases during

manipulation at a low knee flexion angle [4].

40.2.2 Nerve Injury

During ACL reconstruction, surgical manipulations may damage the nerves sur-

rounding the knee joint. Caution has to be exercised.

The saphenous nerve may be injured during creation of the anteromedial portal

for the endoscope or during harvest of the patellar tendon or the medial hamstring.

Injury may occur during skin incision or manipulation of the tendon stripper when

harvesting the medial hamstring [5, 6]. Although both the main trunk and the

branches of the saphenous nerve may be injured, damage to the infrapatellar branch

is particularly common (Fig. 40.1). The injury rates are as high as 22–59% of all

ACL reconstructions [7, 8]. Injury of the branch may lead to sensory disturbance

from the anterior knee to the proximal leg and rarely causing painful neuroma or

reflex sympathetic dystrophy [9, 10]. Recommendations to decrease the likelihood

of nerve injury include making skin incisions for arthroscopy portals in a horizontal

fashion parallel to the course of the nerve and in a flexed position to be directed

Fig. 40.1 Course of the infrapatellar branch of the saphenous nerve (arrows)
Standard skin incision has the risk of injuring the branch in ACL reconstructions both using

hamstring graft and using bone-patellar tendon-bone graft
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away from the course of the nerve [5]. In addition, attention has to be given to the

direction of entry when using a tendon stripper.

The sciatic nerve may be injured when harvesting the medial hamstring using a

tendon stripper. Injury to the sciatic nerve manifests drop foot and sciatic nerve

numbness symptoms including extensive sensory disturbance. Attention has to be

paid to the direction of entry of the tendon stripper. In patients with small physique,

consideration has to be given to the fact that the hamstring runs near the sciatic

nerve [11].

The peroneal nerve may be injured in ACL reconstruction using the

anteromedial portal technique. By this technique, creating the bone tunnel toward

the anatomical attachment site is considered to be easier compared to the conven-

tional transtibial method. However, because the guide pin is inserted toward the

posterior side of the lateral femoral condyle, the risk of peroneal nerve damage is

increased. When performing ACL reconstruction using this method, it is

recommended to drill the bone tunnel with the knee in hyperflexed position to be

directed away from the course of the peroneal nerve [12, 13].

40.2.3 Vascular Injury

Although rare, injury of the blood vessels around the knee joint may occur during

ACL reconstruction.

Popliteal artery and the adjacent arterial branch may be perforated by wire

passing or drilling during placement of internal fixation materials on the tibial side

or injured during dissection of the femoral ACL stump. The key to diagnosis is the

development of signs of cyanosis and compartment syndrome due to the damaged

blood vessels [14, 15].

Medial inferior genicular artery is the blood vessel coursing the medial side of

the tibial condyle and may be injured during harvest of the hamstring or creation of

the tibial bone tunnel. Pseudoaneurysm formation is often detected by swelling at

the site of the injured artery several days after surgery [16, 17].

Arteriography is useful for definitive diagnosis of these vascular injuries.

Depending on the site and severity of injury, treatment varies from embolization,

surgical exploration, and repair or ligation, to artery bypass. Injury of the popliteal

artery may require amputation, and urgent consultation with a vascular surgeon is

essential. When performing surgery, it is important to have a good understanding of

the vascular network including the abovementioned arteries and their branches.

40.2.4 Tunnel Malposition

Malposition of the bone tunnel through which the tendon graft passes may result in

limited range of motion of the knee or rupture of the tendon graft. The incidence has

been reported to be 15% both on the tibial and femoral sides [18, 19]. Anteriorized
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positioning of the tibial tunnel causes impingement of the roof of the intercondylar

notch, resulting in limited knee extension. Anteriorized positioning of the femoral

tunnel causes excessive tension in the tendon graft, leading to limited knee

flexion [20].

40.2.5 Graft Fixation Error

During ACL reconstruction, breakage of internal fixation material during fixation of

the tendon graft and damage or laxity of the tendon graft accompanying poor

reconstruction may occur. Bioabsorbable interference screws, which are increas-

ingly popular because they do not require removal or hinder MRI examination, are

more fragile than other internal fixation materials and therefore require attention

during insertion. For these screws, intraoperative breakage rate of 3.4% and intra-

articular migration rate of 0.3% have been reported [2, 21].

Endobutton is a representative internal fixation material used in ACL recon-

struction. Endobutton malpositioning may be caused by inaccurate measurement of

the bone tunnel length, insufficient overdrilling, and debris inside the bone tunnel.

Intratunnel migration of the Endobutton occurs at an incidence of 1% [2, 22, 23].

Occurrence of the above intraoperative complications is largely associated with

surgical skill. While surgeons must have a good understanding of the anatomical

relationship among nerves, blood vessels, and other structures before commencing

surgery, many of the complications can be avoided by surgical manipulations at the

optimal knee position, accurate insertion of the guide wire, confirmation using

fluoroscopy, and furthermore combined use of notch plasty when the need arises.

40.3 Postoperative Complications

40.3.1 Anterior Knee Pain

Among the pains after ACL reconstruction, anterior knee pain (AKP) occurs at a

relatively high frequency, ranging from 11 to 56% [24, 25]. A preponderance in

older population [26] and in females [27] has been reported, but the exact mech-

anism has not been identified. At one time, the occurrence of AKP caused by

harvest of the bone-patellar tendon-bone (BPTB) graft was an issue. However,

the pain is attenuated over time. Also, with the introduction of less invasive

harvesting technique, the incidence of AKP associated with BPTB graft has

shown to be similar to that for the hamstring tendon (HT) graft [28, 29]. AKP is

often accompanied by restricted knee extension and lowered quadriceps strength,

suggesting mutual relationship among the three [24].
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Complex regional pain syndrome may occur after ACL reconstruction, albeit

rarely, with an incidence of 4–7% [30, 31]. In these cases, various symptoms

manifest after surgery, including disproportionate continuing pain, sensory abnor-

mality, edema, and articular contracture. Plain radiography may show a picture of

local osteoporosis. On three-phase bone scintigraphy (Tc-99), uptake is often

observed. After onset, remission may take several years.

Analgesic medication and systematic rehabilitation program are the mainstay for

prevention and treatment. Preemptive analgesic technique of initiating continuous

NSAIDs treatment from before surgery shows prophylactic effects for both AKP

and complex regional pain syndrome [30].

40.3.2 Limited Range of Motion

The incidence of limited range of motion of the knee following ACL reconstruction

ranges from 4 to 35% [32]. Compared to loss of flexion, loss of extension signif-

icantly lowers knee performance, and extension loss exceeding 5� results in AKP

and quadriceps weakness [32, 33]. The causes of loss of extension include

nonanatomic placement of the graft, excessive graft tension, cyclops lesion,

arthrofibrosis, and inappropriate rehabilitation [34].

Cyclops lesion refers to the nodular granulation tissue covering the fibrous tissue

that forms after trauma or surgery to the ACL. The lesion arises anterior to the ACL.

Loss of extension is caused by impingement of the ACL or the reconstructed

ligament in the intercondylar notch upon knee extension [35] (Fig. 40.2a, b).

Arthrofibrosis caused by intra-articular or extra-articular metaplasia was shown

to be induced by acute ACL reconstruction, leading to the recommendation of

waiting for at least 3 weeks after injury before performing ACL reconstruction

[36]. However, in recent years, early surgery during acute ACL injury has been

considered to be safe in patients with little inflammatory reactions such as pain and

swelling and in patients with little loss of motion [32].

The importance of proper surgical techniques and early aggressive rehabilitation

for the prevention of limited range of motion has been advocated [32, 37]. Study has

shown that aggressive rehabilitation mitigates weakening of muscle strength and

AKP, while elongation and rupture of the tendon graft, which are concerns of this

approach, are not observed [38]. However, for ACL reconstruction using the HT

graft, increase of knee effusion and induction of tunnel enlargement as shown on

CT have been reported. Therefore, it is necessary to monitor the patient’s conditions
during the rehabilitation program and modify if necessary [39, 40]. In patients with

motion limitation unresponsive to rehabilitation therapy, arthrolysis or manipula-

tion under anesthesia is required. Arthrolysis performed within 8 months after ACL

reconstruction has been reported to achieve better outcome [41].
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40.3.3 Graft Failure

Although the incidence is relatively low, graft rupture may occur after ACL

reconstruction. The reported rate of graft failure in BPTB grafts was 0.7–8.3%;

and among HT grafts, the rates were 1.6–16.7% for the single-bundle method,

1.3–3.3% for the double-bundle method, and 1.7–34.4% for allografts [42–45]. For

HT grafts, a prospective randomized study reported a significantly lower graft

failure rate with the double-bundle method compared to the single-bundle method

[44]. The rate of graft failure is significantly higher when using allografts than when

using autografts, probably due to delayed remodeling [46]. On the other hand,

another report found no significant difference in graft failure rate between recon-

structions using allografts not chemically processed or irradiated and reconstruc-

tions using autografts [43].

The major causes of graft failure are trauma, inappropriate surgical technique,

and problem with graft maturation. Trauma is the most common cause. The risk is

especially high in the case of trauma occurring before graft maturation takes place

and in the case of premature resumption of sports activities. Surgical technique

issues include the location of bone tunnel, fixation method, and tension of the graft,

while anterior placement of the femoral tunnel is considered to be the most common

cause [47, 48].

The risk factors of graft failure after ACL reconstruction include young age,

female, high activity level, and a contact mechanism of initial ACL injury [45, 49,

50]. For HT graft, a graft diameter of 8 mm or less has been proposed to be a risk

factor [51]. Attention has to be paid to the fact that the graft tendon tends to have a

smaller diameter in women. It is also necessary not to miss concurrent injuries in

intra- and extra-articular structures and in the bones of patients who have a contact

mechanism in the initial injury. In young persons with high activity level, it may be

Fig. 40.2 Cyclops lesion formed after ACL reconstruction

(a) MRI shows a nodular lesion with clear margin in the intercondylar notch located anterior to the

ACL graft (allow).

(b) Arthroscopic finding at the corresponding site shows a nodule attached to the tibial soft tissue,

containing blood vessels on the surface.

LC lateral condyle of femur
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desirable to select the double-bundle method when HT graft is used or to use the

BPTB graft that shows excellent graft fixation.

40.3.4 Infection

The rates of postoperative infection for the less invasive ACL reconstruction are

low, ranging from 0.14 to 1.85% [52, 53]. However, it should be noted that

infection is a serious complication that occurs at a constant rate.

When infection occurs, the symptoms include pain, swelling, and reddening of

the affected site; reduced range of motion due to pain; and persistent fever.

However, even in noninfection cases, the same symptoms are also seen during

the early postoperative period. Therefore, infection is difficult to diagnose and

careful observation is necessary. For laboratory tests, hematological and biochem-

ical tests include mainly C-reactive protein (CRP) and erythrocyte sedimentation

rate (ESR) that are indicators of inflammatory reactions, white blood cell count in

knee aspirate, and bacteriological culture to isolate the causative pathogen. Among

the causative bacteria, Staphylococcus aureus, Staphylococcus epidermidis, and
coagulase-negative staphylococci (CNS) are isolated at high rates [54, 55].

Various risk factors of infection have been reported, including a past history of

knee surgery, meniscus suture during ACL reconstruction, and diabetes [56, 57]. In

addition, the infection rate is higher when HT grafts are used compared to BPTB

grafts and allografts. The difference in infection rate among different types of graft

is probably due to the differences in graft preparation time and the difference in the

amount of suture material placed inside the joint [57, 58].

Since postoperative infection may cause graft failure, loss of hyaline cartilage,

and arthrofibrosis, prompt treatment is necessary [55, 58]. Treatment strategy

involves arthroscopic irrigation and debridement, together with intravenous antibi-

otics [54, 56, 59]. Although there are many reports of good treatment outcome even

with graft retention, removal of the graft or internal fixation material is necessary in

cases not responding rapidly to treatment or in cases with poor graft condition [55].

40.3.5 Deep Vein Thrombosis

Deep vein thrombosis (DVT) is the formation of thrombus in the veins of the

extremities or other sites caused by surgery, infection, prolonged immobility, and

other factors. It is a serious complication because progression to pulmonary infrac-

tion is potentially life-threatening. Deep vein thrombosis that occurs after ACL

reconstruction mainly involves the lower extremities. While symptoms of pain and

swelling may be observed in some cases, many cases remain asymptomatic.

Furthermore, it should be noted since symptoms resembling those of DVT are

commonly seen in the early postoperative period
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After ACL reconstruction, an accurate clinical diagnosis of DVT is often

difficult. Various tests are being used to diagnose DVT, including venography,

ultrasonography, and impedance plethysmography. Among them, venography has

been reported to have the highest sensitivity [60, 61].

Lower extremity DVT after ACL reconstruction was thought to be a less

frequently occurring complication, but studies using venography found an inci-

dence of 14% [60–62]. This rate is higher than that reported for general arthro-

scopic surgeries such as meniscus procedures. The possibility that bone debris

generated during bone preparation procedures such as bone tunnel drilling may

act as clotting factor precursors has been reported [60]. The incidence of DVT after

ACL reconstruction is significantly higher in older patients and in females; hence

old age and female gender are considered to be risk factors of DVT [61].

Some preventive measures against DVT after ACL reconstruction have been

recommended, such as use of elastic stockings and prophylactic use of low molec-

ular weight heparin, but no consensus has been reached [63, 64]. When DVT

occurs, anticoagulant therapy, thrombolytic therapy, and vascular interventional

radiology performed by specialists should be started promptly. In addition, lung

contrast CT and other tests should be performed to detect pulmonary infarction.

40.3.6 Others

Other rare postoperative complications following ACL reconstruction include

femoral, tibial, and patellar fractures [65–67], rupture of the patellar ligament

[68], and migration or breakage of internal fixation materials [69]. Most of these

complications occur during the early postoperative period. These complications

should be borne in mind before repair of the surgically invaded bone and soft tissues

and incorporation of the tendon graft are fully accomplished.

40.4 Conclusion

This chapter summarizes the representative complications associated with ACL

reconstruction. Many of the complications can be prevented by performing the

procedure cautiously and with scrupulous attention. It is important to perform ACL

reconstruction fully aware of the potential intraoperative and postoperative com-

plications and management approaches.
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Chapter 41

Future Challenges of Anterior Cruciate

Ligament Reconstruction Biological

Modulation Using a Growth Factor

Application for Enhancement of Graft

Healing

Mina Samukawa, Harukazu Tohyama, and Kazunori Yasuda

Abstract Although anterior cruciate ligament (ACL) reconstruction techniques

using tendon autograft have improved markedly over the last couple of decades,

the slow graft maturation may result in graft failure or elongation during the

postoperative rehabilitation period. To improve the problems after ACL reconstruc-

tion in the near future, we should challenge to develop a new strategy to promote

graft healing using biological modulation. Preclinical animal studies need scrutiny

to see if further clinical trials are worthwhile. If a plurispecies approach is taken to

confirm the findings, animal studies convey useful information for a better under-

standing on the effectiveness of biological modulation on ACL reconstruction. Our

recent experimental findings using a plurispecies approach suggested that biolog-

ical modulation by a TGF-beta1 application inhibits the deterioration of mechanical

properties of the grafted tendon after ACL reconstruction. However, intraarticular

administration of TGF-beta may be unsuitable for clinical application with an ACL

reconstruction procedure, since recent studies reported that intraarticular adminis-

tration of TGF-beta1 induced arthritic changes of the articular cartilage in the knee

joint. The cell-based therapy with cellular activation by TGF-beta1 may be a

potential solution against this problem. Translational research should be conducted

to put biological modulation by a TGF-beta1 application into clinical use for the

enhancement of graft healing after ACL reconstruction in the future.
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factor
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41.1 Introduction

Anterior cruciate ligament (ACL) reconstruction using tendon autograft has greatly

improved over the last couple of decades [1]. While surgical techniques still need

an adequate biological healing response to contribute satisfactory clinical out-

comes, poor graft healing is considered as one of causes leading to nontraumatic

ACL graft failure [2, 3]. Graft healing of ACL reconstruction is primarily attributed

to the remodeling of intraarticular graft and intratunnel graft incorporation [4]. In

ACL reconstruction, the strength of the grafted tendon is reduced at the early phase

after surgery, and then it gradually increases [5–7]. The slow graft maturation may

result in graft failure or elongation during the postoperative rehabilitation period.

To solve these problems after ACL reconstruction, we should obtain scientific

evidences of biological modulation for the graft remodeling after the surgery.

There is a possibility that biological modulation could promote the graft healing

after ACL reconstruction and enable more aggressive rehabilitation and an earlier

return to sports activities for patients with ACL reconstruction.

Concerning the effects of biological modulation on clinical outcomes after ACL

reconstruction, only several prospective studies were reported [8–14] (Table 41.1).

Among methods for biological modulation, platelet-rich plasma (PRP) has received

much attention in the field of sports medicine [15, 16]. PRP, which is a concentrated

extract of platelets from autologous blood, contains growth factors in concentration

3–5 times of the normal plasma level [17–19]. Investigators conducted clinical

studies about application of PRP to ACL reconstruction for acceleration of healing

process and integration of the graft. However, prospective studies of biological

modulation, e.g., PRP application, to ACL reconstruction showed mixed results.

Ventura et al. [14] reported the effects of application of growth factors obtained by

GPS Biomet-Merck technique on clinical outcomes at 6 months after ACL recon-

struction using hamstring tendon graft and found no significant differences in

clinical outcomes or knee laxity between the patients with and without application

of growth factors. At this time, there is only one study showing that biological

modulation improves anteroposterior knee stability after ACL reconstruction

[10]. To develop a more effective method enabling to improve biomechanical

function of the graft after ACL reconstruction, it is necessary to collect scientific

evidences about the effects of biological modulation on knee biomechanics after

ACL reconstruction.

Before clinical trials start, preclinical animal studies need scrutiny to see if

further clinical trials are worthwhile. There is the evidence showing the homology

of regenerative responses to biological stimulation in mammalian ligaments of the

knee [20], although there are anatomical differences in ACLs between human and

experimental animals [21]. If a plurispecies approach is taken to confirm the

findings, animal studies of ACL reconstruction convey useful information for a

better understanding on the effectiveness of biological modulation on graft healing

after ACL reconstruction [22]. The authors has taken a plurispecies approach using

several animal models in order to confirm the effects of the growth factor
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application on graft healing after ACL reconstruction. In this chapter, the authors

review scientific evidences of the effects of biological modulation with a growth

factor application on graft healing after ACL reconstruction including recent

findings of our studies using a plurispecies approach.

41.2 The Graft Remodeling After ACL Reconstruction

In ACL reconstruction, fibroblasts in the grafted tendon graft are necrotized imme-

diately after its transplantation, and then numerous fibroblasts from extrinsic origins

infiltrate the graft with revascularization [23, 24]. However, it is considered that the

cell infiltration into a core portion of the graft occasionally occurs very slowly. For

example, Delay et al. [25] reported a clinical case in which the core portion of the

patellar tendon graft still remained necrotic even at the 18-month period after ACL

reconstruction. Oaks et al. [26] examined biopsy samples of the grafted tendon in

clinical ACL reconstruction cases and found that fibrils with a small diameter

predominantly increase in the graft after its transplantation and still remain pre-

dominant at the 4-year period after surgery. The authors showed that fibroblast

infiltration into the tendon after necrosis decreases the strength of the tendon with

overexpression of type III collagen [27]. These structural changes in the grafted

tendon after ACL reconstruction are considered to induce mechanical deterioration

of autografts at the early phase after transplantation and then are very gradually

restored over a long period [28].

In animal ACL reconstruction models, fibroblasts infiltrated into the grafted

tendon overexpress vascular endothelial growth factor (VEGF), basic fibroblast

growth factor (FGF), transforming growth factor (TGF)-beta, and platelet-derived

growth factor (PDGF) in the grafted tendon after the implantation [29, 30]. There-

fore, the fibroblasts infiltrated into the grafted tendon remodel the graft matrix via a

complex growth factor network and implies that local application of these growth

factors can moderate the healing graft after ACL reconstruction.

41.3 Promotion of Graft Healing with a Growth Factor

Application

41.3.1 Vascular Endothelial Growth Factor (VEGF)

VEGF is well known as a potent mediator of angiogenesis [31]. The lack of

vascularity within the graft after ACL reconstruction may induce degeneration or

micro-ruptures of the grafted tendon during the postoperative period, since cell

infiltration from the blood system is thought to be required for healing of the tissue

with damage. Thus, there is a high possibility that an application of VEGF to the

526 M. Samukawa et al.



necrotized tendon graft enhances angiogenesis in the graft and accelerates

remodeling of the graft after ACL reconstruction. To clarify the effects of local

application of VEGF on graft healing after ACL reconstruction, the authors

conducted animal experimental studies using a plurispecies approach. First, we

histologically and mechanically examined the effects of a local application of

VEGF to the in situ frozen-thawed rabbit ACL [32]. The in situ frozen-thawed

rabbit ACL, which is anatomical but acellular, has been established as an ideal ACL

graft rabbit model (Fig. 41.1) [33]. The local application of VEGF provided no

significant effect on the mechanical properties of the ACL at 12 weeks after the in

situ freeze-thaw procedure. On the other hand, the VEGF application significantly

enhanced vascular endothelial cell infiltration and revascularization in the ACL at

3–12 weeks, respectively (Fig. 41.2). As a preclinical study model, we have

recently established a sheep ACL reconstruction model using a doubled

semitendinosus tendon autograft (Fig. 41.3) [34]. In response to the positive effects

of VEGF application on cell infiltration and revascularization in the in situ frozen-

thawed rabbit ACL, we conducted a preclinical animal study using a sheep model in

order to examine the effect of local application on mechanical properties of the

femur-graft-tibia complex after ACL reconstruction using a semitendinosus tendon

graft [35]. As a result, we found that similar positive effects of VEGF application on

cell infiltration and revascularization in the grafted tendon at 12 weeks after ACL

reconstruction. However, the stiffness of the VEGF-treated femur-graft-tibia com-

plex was significantly lower than that of the saline-treated graft at 12 weeks, while

we failed to demonstrate a negative effect of VEGF application on ultimate failure

load of the saline-treated graft. It is unclear exactly why our VEGF application

Fig. 41.1 The in situ

frozen-thawed rabbit ACL

model for a screening test of

a growth factor application

to the ACL graft. This

procedure necrotizes the

rabbit ACL without any

damage of the anatomical

ACL structure (From Ref.

[33])
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reduced the stiffness of the grafted tendon after ACL reconstruction. Shrive

et al. [36] and Tohyama et al. [37] reported that a number of newly formed vessels

and infiltrative cells act as “flaws” resulting in the deterioration of the mechanical

property of the tendon and ligament. Therefore, vascular invasion promoted by

VEGF administration may cause graft weakening as soft tissue flaws. Therefore, we

should take into account this adverse effect of VEGF application including PRP,

which has a high content of VEGF, on the mechanical characteristics of the grafted

tendon after ACL reconstruction surgery.

Fig. 41.2 Immunohistologies for vascular endothelial cells to evaluate the effects of local VEGF

application on vessel formation in the ACL at 3 weeks after the in situ freeze-thaw treatment in the

rabbit model (CD31 stain). The number of vessels with endothelial cells was significantly higher in

the frozen-thawed ACLs with VEGF application (e, f) compared to those with the freeze-thaw

treatment alone (a, b) and with phosphate-buffered saline application (c, d) (From Ref. [32])
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41.3.2 Transforming Growth Factor-Beta (TGF-Beta)
and Epidermal Growth Factor (EGF)

Some of growth factors, such as TGF-beta, basic FGF, PDGF, and EGF, regulate

the synthesis and degradation of collagen by the fibroblasts of tendons and liga-

ments. It is well known that TGF-beta enhances collagen synthesis in fibroblasts

[38–40]. EGF significantly stimulates fibroblast proliferation in vitro [41]. A com-

bined application of these two growth factors enhances these effects [42]. Therefore,

we conducted following animal experimental studies using a plurispecies approach

for the application of TGF-beta1 and EGF to ligament reconstruction. The authors

examined in vivo effects of an application of TGF-beta1 and EGF on the in situ

frozen-thawed ACL and found that a combined application of TGF-beta1 and EGF

significantly inhibited the mechanical deterioration with significant reduction of the

water content and significant changes of the collagen-fibril profile [33]. Based on

these positive effects of local application of TGF-beta1 and EGF on a frozen-

thawed rabbit ACL, the authors conducted a canine study that examined the effects

of TGF-beta1 and EGF on a bone-patellar tendon-bone graft after ACL reconstruc-

tion as a preclinical study [43]. We then found that a combined application of

Fig. 41.3 The sheep ACL reconstruction model using a doubled semitendinosus tendon autograft

for a preclinical test of a growth factor application to the ACL graft (From Ref. [49])
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TGF-beta1 and EGF significantly improved mechanical strength of the femur-graft-

tibia complex at 12 weeks after ACL reconstruction (Fig. 41.4). These findings

suggest that a local application of TGF-beta1 and EGF is one of candidate biolog-

ical modulations that can enhance graft healing after ACL reconstruction in the

future. The authors also compared the effects of a local application among

TGF-beta1, EGF, and PDGF-BB on mechanical properties of the in situ frozen-

thawed rabbit ACL to clarify which growth factors dominantly affect the enhance-

ment of graft healing after ACL reconstruction [44]. We found that an application

of TGF-beta1 significantly inhibited the material deterioration that occurs in the in

situ frozen-thawed ACL, while an application of EGF or PDGF-BB did not

significantly affect the deterioration. The authors also found downregulation of

MMP-13 mRNA and upregulation of type-1 collagen mRNA relative to type-3

collagen after TGF-beta1 stimulation in fibroblasts which had infiltrated the rat

patellar tendon [45]. On the other hand, PDGF stimulation increased MMP-13

mRNA and decreased type-1 collagen mRNA relative to type-3 collagen. These

findings suggest that TGF-beta1 is a key in the positive effects on graft healing after

ACL reconstruction.

Fig. 41.4 The effects of a local application of TGF-beta and EGF on structural properties of the

femur-graft-tibia complex after ACL reconstruction. The load-elongation curves of the femur-

graft-tibia complexes in the knees with growth factor (GF) application, with fibrin sealant alone

(sham), and without growth factor or fibrin sealant (control) groups and the normal femur-ACL-

tibia complex (normal ACL). A combined application of TGF-beta1 and EGF significantly

improved mechanical strength of the femur-graft-tibia complex at 12 weeks after ACL recon-

struction (From Ref. [43]))
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41.4 Promotion of Graft Healing with Cell-Based Therapy

As described above, TGF-beta1 has a positive effect on graft healing after ACL

reconstruction. However, the intraarticular application of TGF-beta1 induces oste-

oarthritic changes in the knee joint [46, 47]. Therefore, the intraarticular adminis-

tration of TGF-beta1 is considered unsuitable for clinical application during an

ACL reconstruction. It is therefore necessary to develop a therapeutic method that

can accelerate restoration of ACL graft strength without any detrimental effects to

the knee joint. The authors conducted the rabbit study to clarify the effect of cell

therapy with autologous synovial tissue-derived fibroblasts activated by TGF-beta1

on the in situ frozen-thawed ACL (Fig. 41.5) [48]. We wrapped the fibrin glue with

autologous synovial tissue-derived fibroblasts after TGF-beta stimulation around

the ACL following the freeze-thaw treatment. Histological observation found that

Fig. 41.5 The

experimental protocol of the

cell-based therapy with

autologous synovial tissue-

derived fibroblasts with

TGF-beta1 application

(From Ref. [48])
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implantation of fibroblasts after TGF-beta stimulation accelerated cellular infiltra-

tion into the ACL following fibroblast necrosis. Biomechanically, the transplanta-

tion of synovial tissue-derived autologous fibroblasts activated by TGF-beta

inhibited deterioration in the tangent modulus of the ACL after the freeze-thaw

treatment. As a preclinical study, we examined the effect of cell therapy with

autologous synovial tissue-derived fibroblasts activated by TGF-beta1 on the

graft in a sheep ACL reconstruction model described above [49]. A fluorescence

image with confocal microscope showed that the applied cells that were labeled

before implantation infiltrated into the superficial portion of the graft at 1 week

(Fig. 41.6). Biomechanically, the strength and the stiffness of the graft were

significantly greater in the group with cell therapy using fibroblasts activated by

TGF-beta1 than in the group without TGF-beta1 stimulation or without cell ther-

apy. Histologically, no necrotic lesions were found in the midsubstance in the group

with synovial tissue-derived fibroblasts activated by TGF-beta1, while necrotic

lesions were observed in the core portion of the midsubstance in the group without

cell therapy. Therefore, our cell-based therapy using fibroblasts activated by

TGF-beta is a potential solution against the problem of graft deterioration after

the transplantation.

Fig. 41.6 A fluorescence image of the superficial portion of the ACL graft at 1 week after a sheep

ACL reconstruction with the cell-based therapy with autologous synovial tissue-derived fibro-

blasts with TGF-beta1 application. Labeled fibroblasts (arrows) were observed in the superficial

portion of the ACL graft (From Ref. [49])
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41.5 Conclusions

Although tendon-bone healing at the tunnel interface is the weakest link of the graft

complex at the early period after ACL reconstruction, the healing of the

intraarticular midsubstance of the graft would be a key for the early return to

sport activities and the prevention of nontraumatic ACL graft failure in the patients

after ACL reconstruction. Scientific evidences in our animal studies with a

plurispecies approach suggested that biological modulation by TGF-beta1 benefited

healing of the intraarticular graft after ACL reconstruction. The authors previously

reported that administration of TGF-beta1 significantly increased the bonding

strength of the graft to the tunnel wall at 3 weeks in the canine ACL reconstruction

model [50]. In addition, the systematic review suggested that TGF-beta may be

beneficial to graft healing in ACL reconstruction through the promotion of healing

at the tunnel-graft interface [51]. However, intraarticular administration of

TGF-beta may be unsuitable for clinical application with an ACL reconstruction

procedure, since recent studies reported that intraarticular administration of

TGF-beta1 induced arthritic changes of the articular cartilage in the knee joint.

The cell-based therapy with cellular activation by TGF-beta1 may be a potential

solution against this problem. Translational research, which bridges the gap

between basic and clinical research, should be conducted to put biological modu-

lation by TGF-beta1 into clinical use for ACL reconstruction in the future.
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Chapter 42

Strategies to Enhance Biological

Tendon-Bone Healing in Anterior

Cruciate Ligament Reconstruction

Tomoyuki Matsumoto and Ryosuke Kuroda

Abstract Tissue engineering techniques to enhance tendon-bone healing in ante-

rior cruciate ligament (ACL) reconstruction, including stem cells and growth

factors/cytokines, are gaining wide acceptance, and their clinical feasibility has

also been recognized. Among them, vascular stem cells at the site of ruptured ACL,

which have high proliferation and multi-differentiation potential, accelerate

tendon-bone healing by enhancing angiogenesis and osteogenesis in human-rat

xenotransplantation and canine autologous transplantation model of ACL recon-

struction. A pilot clinical study, which used ruptured tissue for ACL reconstruction,

indicated reduction of tunnel enlargement despite no improvement in clinical

scores. However, for effective clinical application in future, detailed analysis is

required regarding enrolled patient demographic parameters, such as age, sex,

surgical timing, and type of ACL injury. This chapter highlights effectiveness of

vascular stem cells application for early tendon-bone healing in ACL reconstruc-

tion, providing an insight for future strategies.

Keywords Tendon-bone healing • Stem cells • Ruptured tissue • Angiogenesis •

Osteogenesis

42.1 Introduction

When an anterior cruciate ligament (ACL) is ruptured, the healing potential is

considered to be extremely poor [1, 2]. Therefore, ACL reconstruction has become

fairly standardized, with clinical success rates of 70–95% [3–5]. Anatomical

double-bundle (DB) reconstruction procedures using hamstring grafts have recently

become widespread with promising results [6–9]. Whereas most surgical proce-

dures in this area require healing and maturation of tendon grafts in a surgically
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created bone tunnel, the attachment between the tendon and the bone is the weakest

region in the early posttransplantation period [10, 11]. In fact, mechanical proper-

ties of the healing ligament did not return to normal 1 year after injury in both rabbit

and canine models [12, 13]. Therefore, secure fixation of the tendon graft to the

bone is a significant factor in allowing earlier and more aggressive rehabilitation

and earlier return to sports and work.

Current treatment with hamstring grafts has achieved satisfactory

anteroposterior and rotational stability but can cause significant tunnel enlargement

[14, 15]. Tunnel widening is believed to be multifactorial in origin. Some mechan-

ical causes are graft motion [15] and stress deviation inside the tunnel and inap-

propriate location of the graft and tunnel [16]. From a biological aspect, poor

healing potential at the tendon-bone interface also results in tunnel enlargement.

Large tunnels often require revision ACL surgery and necessitate staged procedures

[17]. Therefore, enhancing tendon-bone healing and preventing bone tunnel

enlargement are closely related and, therefore, vital in ACL reconstruction.

Tissue engineering techniques with stem cells or growth factors/cytokines have

been explored to achieve early healing and better tendon-bone integration [18]. Sev-

eral animal studies focused on enhancement of tendon-bone healing in ACL

reconstruction used periosteum [19, 20], bone marrow stromal cells [21], bone

marrow mesenchymal stem cells (MSCs) [20, 22], injectable tricalcium phosphate

[23], and other growth factors [24–28]. Although these biological engineering

strategies are currently experimental, they are expected to be used in clinical setting

in the near future.

42.2 Blood Vessels as a Potential Target for Tendon-Bone

Healing in ACL Reconstruction

Over the last decade, there have been considerable controversies regarding the

ACL’s intrinsic healing potential. Some surgeons are of the view that the ACL does

not heal without reconstruction due to the lack of blood clot formation, insufficient

vascular supply, deficits in intrinsic cell migration, impaired growth factor ability,

and effects of synovial fluid on cell morphology [29, 30]. On the other hand, others

have reported that the ACL spontaneously heals without surgery [31–33], or only

with primary sutures [34–37]. In fact, during acute and subacute arthroscopic

procedures for ACL reconstruction, a tibial stump is often visualized that can

have connecting fibers to the femur and the tibia or between the posterior cruciate

ligament and tibia, suggesting healing potential in ACL fibers. However, there is no

scientific evidence till now.

Stem cells’ qualities of high expansion, self-renewal, and multi-differentiation

present a reasonable explanation for the healing potential of the ACL. Although

some findings show the existence of MSC-like cells in human ACL tissues [38, 39],

their origin and characteristics still remain unclear. Recently, blood vessels have
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been reported to be a richer supply of stem/progenitor cells with expression of

CD34 and CD146 surface cell marker [40–43].

Matsumoto et al. demonstrated the presence in subacutely ruptured ACL tissues

of CD34-expressing vascular cells with potential for multi-lineage differentiation

that can be recruited to the ACL rupture site to support healing [44]. They con-

firmed the rich vascularity in the ruptured site and septum region when compared

with mid-substance using H&E and immunohistochemical vascular staining. In

addition, using immunohistochemistry and flow cytometry analysis, they confirmed

recruitment of CD34+ and CD146+ cells with multi-lineage differentiation poten-

tial to the ruptured site when compared with the gathered cells as the mid-substance

(Fig. 42.1a). These cells demonstrated multi-lineage differentiation potential

including osteogenesis, adipogenesis, chondrogenesis, and endotheliogenesis

(Fig. 42.1b). Covas et al. recently discovered that MSCs and pericytes are similar

cells located in the vasculature wall, and they function as cell sources for repair and

tissue maintenance [40, 45]. Findings reveal that CD34+ cells are committed not

only to endothelial cells but also mural perivascular cells (i.e., pericytes and smooth

muscle cells) [46, 47]. Similarly, vascular pericytes with CD146 expression may

arise from CD34+ cells [41]. Furthermore, Zengin et al. reported the existence of

endothelial progenitor cells and stem cells in a distinct zone between the smooth

muscle and the adventitial layer of human adult vascular wall that are capable to

differentiate among mature endothelial cells and hematopoietic and local immune

cells, such as macrophages [43]. Based on these findings, CD34+ cells with high

expansion and multi-differentiation potential in the ACL ruptured site, which were

converted into cell population positive for CD146, CD44, CD90, and CD73 expres-

sion [44], may have similar characteristics of MSCs described over the last decade

[48] and have a possibility to provide an attractive cell source for tissue repair and

regeneration.

Among multi-lineage differentiation potentials, osteogenic and endothelial dif-

ferentiations are especially important for ligament or tendon-bone healing. There

are some reports concerning osteogenesis and angiogenesis/vasculogenesis for

ligament or tendon-bone healing. To accelerate osteogenesis and/or angiogenesis

for tendon-bone healing, vascular endothelial growth factor (VEGF), granulocyte

colony-stimulating factor (G-CSF), transforming growth factor-β (TGF-β), bone
morphogenetic protein 2 (BMP2), and BMP7 have recently received attention for

their therapeutic potential [27, 28, 49–51]. However, Tei et al. reported that human

G-CSF-mobilized peripheral blood CD34+ cells contribute to ligament healing via

their endothelial differentiation (vasculogenesis) and enhanced intrinsic angiogen-

esis by VEGF secretion in a immunodeficient rat model [52]. In addition,

Matsumoto et al. showed that peripheral blood CD34+ cells could be differentiated

into osteoblasts and endothelial cells in a fracture model [53, 54]. Ratio of CD34+

cells is only 1% in the peripheral blood cells [53] compared to 44% [44] in ACL

ruptured tissue cells, suggesting that isolation of CD34+ cells from the ACL tissue

is less important than that from peripheral blood.
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Fig. 42.1 In vitro experiments showing vascular stem cells in the ACL ruptured tissue

(a) Tissues showing more positive staining for CD34 in the ruptured site than in the mid-substance

(b) CD34-positive cells from ACL ruptured tissue showing multi-lineage differentiation potential

including osteogenesis, adipogenesis, chondrogenesis, and endotheliogenesis
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42.3 Therapeutic Potential of ACL-Derived Vascular Stem

Cells or Ruptured Tissue for Tendon-Bone Healing

in ACL Reconstruction

Based on the report showing the existence of CD34+ vascular stem cells in ACL

ruptured tissue [44], Mifune Y et al. demonstrated that intracapsular transplantation

of human ACL-derived CD34+ cells from the ruptured site contributed to tendon-

bone healing via angiogenesis/vasculogenesis and osteogenesis in an immunodefi-

cient rat model of ACL reconstruction [55]. Using a molecular approach, they

confirmed enhanced intrinsic angiogenesis/osteogenesis and human-derived

vasculogenesis/osteogenesis by intracapsular transplantation of human

ACL-derived cells. Histological, radiological (CT), and biomechanical assessment

exhibited early tendon-bone healing by cell transplantation. Nonselected as well as

CD34+ cells contributed to tendon-bone healing and reduction of tunnel enlarge-

ment in a rat model of ACL reconstruction.

During cell therapy for ACL reconstruction, second-step arthroscopic surgery is

unavoidable due to the necessity of cell isolation, cell culture, and cell expansion,

thus affecting the clinical feasibility of CD34+ cell transplantation. Based on the

rich supply of CD34+ cells in the ACL ruptured site [44] and effectiveness of

nonselected cells in a rat ACL reconstruction model [55], Matsumoto et al. explored

the effect of ACL ruptured tissue on tendon-bone healing in ACL reconstruction.

To explore the feasibility of the use of ruptured tissue in the clinical setting, the

study was designed as an autologous transplantation model with a large animal

canine [56]. ACL ruptured tissue was harvested 2 days after ACL resection and was

sutured to the grafts in the tibial tunnel in ACL reconstruction (Fig. 42.2a). The

results in histological, CT, and biomechanical testing showed early tendon-bone

healing and reduction of tunnel enlargement compared to control group (no tissue

suture) (Fig. 42.2b). These findings may lead to the effectiveness of ruptured tissue

in ACL reconstruction in the clinical application.

42.4 Clinical Application of ACL Ruptured Tissue in ACL

Reconstruction

Based on previous findings, Matsumoto and Kuroda et al. compare 2-year clinical

outcomes and tunnel enlargement of DB ACL reconstruction with and without

suturing of the autologous ruptured tissue to the grafts in patients with subacute

ACL injury (Fig. 42.3) [57]. In this study, 10 patients with subacute (within 3 months

after injury) ACL rupture were randomly allocated to undergo DB ACL reconstruc-

tion with suturing of the ruptured tissue to hamstring grafts or conventional DB ACL

reconstruction in two equal control groups (n¼ 5 each). The results showed signif-

icant reduction in tunnel enlargement as assessed with 3D-MDCT in the tissue group,

especially at the femoral side. However, the postoperative Lysholm score, anterior
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Fig. 42.2 Preclinical study using canine ACL reconstruction model

(a) ACL reconstruction was performed using tendon graft with ruptured tissue

(b) Autologous tissue transplantation exhibited early tendon-bone healing and bone tunnel reduc-

tion via enhanced angiogenesis and osteogenesis
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stability of the knee measured with the KT-1000 arthrometer, and rate of negative

manual pivot shift test did not differ significantly between the two groups. In several

animal studies, the use of periosteum [19, 20], bone marrow mesenchymal stem cells

[20, 22], injectable tricalcium phosphate [23], and growth factor [26–28] was

reported to enhance tendon-bone healing in ACL reconstruction. Among those,

application for human ACL reconstruction was only limited to periosteum with

promising results [58–60]. Chen CH et al. reported after their 2–7-year clinical

follow-up in 312 patients that satisfactory results could be achieved with the

periosteum-enveloping hamstring tendon graft in single-bundle ACL reconstruction

with minimal tunnel widening (more than 1 mm tunnel widening: 5.4% of femoral

and 6.1% of tibial side). Considering this comparison, concept for the treatment is

similar and successful tunnel reduction was found on radiographs [58]. If the strategy

using ruptured tissue has advantages over previous strategies for enhancement of

tendon-bone healing, the ruptured ACL tissue can be used with easy clinical settings

without any additional incision, procedure, and cell isolation and expansion.

Preservation of the remnant ACL reconstruction has recently received attention

focused on the existence of mechanoreceptors in the ACL remnant that contribute

to the proprioceptive function of the ACL [61–65]. However, the intrinsic healing

potential of ACL remnants after ACL reconstruction has not been fully investi-

gated. In the pilot study based on a previous series [44, 55, 56], the rupture site of

the ACL remnant was harvested and transplanted to the grafts to augment healing,

especially at the tendon-bone integration site. This technique is reliable, simple,

surgeon-friendly, and inexpensive, and thus clinically feasible.

To predict outcomes of ACL reconstruction surgery, the characteristics of

patients should be considered. Uefuji et al. recently reported that ruptured ACL

Fig. 42.3 A pilot clinical study using ruptured tissue in ACL reconstruction surgery

ACL reconstruction was performed with the use of ruptured tissues which were sutured to the

grafts located in the tunnels
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remnants have a healing potential with multi-lineage differentiation, including

osteogenesis and endotheliogenesis; however, this potential is age dependent and

decreases with age, as CD34+ cells were more prevalent in the ACL remnants in

younger patients [66]. ACL remnants in younger patients exhibited high prolifer-

ation and great multi-lineage differentiation potential, especially in osteogenic and

endothelial differentiation. Furthermore, with the use of in vivo rat ACL recon-

struction model, Nakano et al. reported that the healing potential of human

ACL-derived cells on the maturation of tendon-bone healing is dependent on the

patient’s age [67]. Considering these evidences, patient age can be one of the

factors that influence postoperative outcomes in healing potential for

ACL-derived cells or remnant. In the near future, other demographic factors such

as interval between injury and surgery, sex, type of injury, and patient activity level

should be assessed to explore other factors that impact ACL remnant-derived cells

in the healing potential of reconstructed ACL.
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Chapter 43

Tissue Engineering Approach for ACL

Healing

Takeshi Shoji, Tomoyuki Nakasa, and Mitsuo Ochi

Abstract Anterior cruciate ligament (ACL) injuries have become increasingly

prevalent and account for a large proportion of knee ligament injuries among

young, active individuals. The management of ACL injuries is technically demand-

ing because of their poor healing potential. At present, ACL reconstruction with

intra-articular grafts is still gold standard; however, these approaches sometimes lead

to several problems such as secondary osteoarthritis and inadequate restoration of

functional knee stability. Progress in science and technology has enabled the devel-

opment of tissue engineering techniques, with basic research being applied clinically.

The improved knowledge of healing, along with recent progress in regenerative

medicine, has resulted in the discovery of novel biologically augmented ACL repair

techniques that have satisfactory outcomes in preclinical studies. In the past decade,

we have investigated tissue regeneration in animal models of musculoskeletal dis-

orders by using tissue engineering approach, such as cells, scaffold, microRNA, and

delivery systems, which has been relatively easy to apply and develop in clinical

settings. In this section, we specifically discuss the available tissue engineering

options for managing ACL injuries and introduce our challenges to achieve better

outcomes for ACL reconstruction and for the overall healing of native ACL.

Keywords Anterior cruciate ligament • Tissue engineering • MicroRNA • Stem

cells • Scaffold

43.1 Introduction

The anterior cruciate ligament (ACL) is the major stabilizer of the knee, and it

functions to limit rotation and anterior translation of the tibia. Injuries to ACL have

become increasingly prevalent and account for a large proportion of knee ligament
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injuries among young, active individuals [1]. A completely torn ACL rarely heals

spontaneously, and most partial ACL tears eventually progress to complete rupture

[2]. Hefti et al. have reported no regeneration after complete ACL transection in

rabbits, and very slow and incomplete regeneration after partial rupture. Similar

results have been shown in other species [3]. Several factors have been reported to

be responsible for this limited healing capacity, including the surrounding tissues,

blood supply, nutrient delivery, biomechanical forces, and synovial fluid, as well as

the supply of growth factors. Failure healing of ACL causes instability of the knee,

which usually leads to early osteoarthritis (OA) of the affected knee [4]. Although

the repair or reconstruction of ACL after rupture is important for the stability of the

knee and for prevention of future OA, the management of ACL injuries is techni-

cally demanding, and the acceptable options are limited [5]. At present, ACL

reconstruction with intra-articular grafts is the most broadly accepted procedure

for young and active patients [6]. ACL reconstruction has been demonstrated to

improve clinical instability of the knee joint, to reduce knee laxity, and to decrease

the risk of late meniscus tear [4, 7, 8]. However, previous reports mentioned that

ACL reconstruction does not fully restore the functional dynamic stability of the

knee, and the rates of return to pre-injury activity level vary from 37 to 75% [8–

11]. Furthermore, patients remain at higher risk for early onset OA even after ACL

reconstruction [12, 13]. Over the last decade, substantial efforts have been made to

understand ligament healing and to improve surgical reconstruction.

Ligaments comprise two different areas including the ligament itself and its

bony attachments, and the healing and regeneration processes of which are com-

plicated. After ligament injury, the vessels are disrupted and a blood clot forms in

the wound area. The blood clot acts as a scaffold for the inflammatory and

mesenchymal cells, thus creating a tridimensional environment which enables

the cells to migrate, attach, and proliferate in the healing process [14]. The platelets

in the blood clot and the injured cells release their growth factors and

pro-inflammatory mediators consisting of mainly platelet-derived growth factor

(PDGF), basic fibroblast growth factor (bFGF), insulin-like growth factor (IGF),

epidermal growth factor (EGF), and vascular endothelial growth factor (VEGF).

Neutrophils and macrophages are the first-line inflammatory cells which also

release several growth factors and cytokines into the wound area, which accelerate

the inflammation and cause the absorption of more inflammatory cells in the wound

area [15]. Thereafter, FGF and VEGF play essential roles in the collagen production

of fibroblasts, regulation of inflammation, proliferation of endothelial cells, and

acceleration of angiogenesis [16]. When the mesenchymal cells infiltrate the

injured area, some cells differentiate to fibroblasts when exposed to bFGF, and

others which are mainly exposed to VEGF differentiate to endothelial cells

[17]. Fibroblasts are the main cell types responsible in collagen production, while

the endothelial cells are responsible for angiogenesis and vessel production

[5, 17]. Then, collagen and immature blood vessels are produced in the wound

area, and at the same time fibroplasia occurs [14]. Thus, angiogenesis, the formation

of new blood vessels from a preexisting vessel, is an essential step in the process of

ligament healing. However, angiogenesis and regeneration in the injured ACL
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occur at a very slow rate, and their magnitude increase does not reach a sufficient

level for appropriate healing to occur, leading to insufficient healing [18].

Numerous studies have attempted to determine the effects of various growth

factors and genes on the ligament engineering system with regard to cell prolifer-

ation, ECM synthesis, neovascularization, and mechanical properties [19–

23]. Recent advancements in functional biological/tissue engineering techniques,

including growth factors, stem cells, and bioscaffolds, have helped researchers to

introduce novel biologic ACL repair approaches, and they might help the ligament

healing in surgical reconstruction and/or the native structure. Basically, tissue

engineering can be divided into four major categories: tissue scaffolds, growth

factors, stem cells, and gene therapy.

43.1.1 Biomaterial Scaffolds in Ligament Tissue
Engineering

Scaffolds play an important role in tissue engineering because an application of

growth factors and stem cells has low clinical value without them. Tissue scaffolds

have several duties, but their major role is to provide a suitable environment for cell

attachment, migration, proliferation, matrix remodeling and regeneration [14]. The

synthetic scaffolds are firstly produced by polymerization of the synthetic materials

[12, 28, 29]. The Leeds-Keio (LK) open-weave polyester ligament, which is a

synthetic ligament substitute and was thought to encourage ingrowth of collagen

fibers and the generation of a new ligament, was widely used in the 1980s and early

1990s for ACL replacement [28]. Thereafter, the Ligament Advanced Reinforce-

ment System (LARS; Surgical Implants and Devices, Arc-sur-Tille, France) and

radio frequency-generated glow discharge (RFGGD)-treated LK ligament (LKII)

were introduced [29]. However, incidences of postoperative complications related

with chronic inflammatory reactions have been noted. Thus these failures indicated

these synthetic artificial ligament graft had poor “ligamentization” in the knee joint

after implantation [30]. The newer ones are those constructed by the biologic-based

molecules such as collagen, elastin, chitosan, hyaluronic acid, demineralized bone

matrix, fibrin, gelatin, etc. [24–27]. Although many scaffolds combined with cell

type and growth factors have been examined for ACL tissue engineering, relatively

few have been translated to in vivo performance, and more advancements in this

arena are needed.

43.1.2 Growth Factors in Ligament Tissue Engineering

The use of growth factors has gained a lot of attention in the treatment of soft tissue

injuries since the late 1990s. A wide range of growth factors, including IGF, TGF-β,
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PDGF, VEGF, and FGF, have been used previously to improve ligamentous tissue

repair [19, 20, 31–34]. They have been shown to have positive effects on various

biological processes needed to improve ACL healing. Yoshikawa T. et al. reported

that an exogenous VEGF application for ACL reconstruction can induce an

increase in knee laxity, and others have reported TGF-b, FGF, EGF, and PDGF

significantly affect biomechanical properties of ACL [31–34]. However, there are

some concerns regarding the use of growth factors. Yoshikawa T. et al also reported

that an exogenous VEGF application decreases the stiffness of the grafted tendon

after ACL reconstruction [34]. Furthermore, the understanding of the signaling

events of these growth factors and the way of stimulating or repressing the immu-

nologic and vascularization responses are not well established. Thus, further exper-

iments regarding the optimized use of growth factors, such as the short life span of

these factors, delivery and maintenance, are needed for significant advances in the

application of these growth factors.

Platelet-rich plasma (PRP), which contains a wide range of growth factors,

garnered much attention as a novel, noninvasive treatment. Through in vitro and

animal studies, several investigators have studied the positive influence of PRP on

the proliferation of osteoblasts and tenocytes in tendon–bone interface healing

[35, 36]. However, PRP augmentation when used in ACL reconstruction has

shown no statistically significant difference regarding clinical outcomes, tunnel

widening, and graft integration, thus the further experiments are also needed for

significant advances in the application of PRP [37].

43.1.3 Stem Cells in Ligament Tissue Engineering

Due to their demonstrable multipotency, mesenchymal progenitor cells (MPCs),

marrow-derived mesenchymal stem cells (MSCs), and adipose-derived stromal or

stem cells (ADSC) have been the subject of extensive research in vitro and in

preclinical studies in tissue engineering research. They are attractive cell sources

for regenerative medicine because of their ability to differentiate into osteogenic,

adipogenic, and chondrogenic lineages. We previously reported improved histol-

ogy and biomechanics in rat torn ACL-injured models using intra-articular injection

of MSCs [38], and others also have shown improved biomechanics in other models

of ACL injury [39–41]. These findings are encouraging considering the therapeutic

potential of MSCs in the healing of ligaments, although there are several limitations

in optimizing the MSC applications in ACL repair. One limitation is the need to

employ the proper methods of effective differentiation of these multi-pluripotent

cells into specific cell types. Another is the delivery and maintenance of these cells

into the wound site.
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43.1.4 Gene Therapy in Ligament Tissue Engineering

Gene therapy might be a recent promising strategy to transfer the genetic informa-

tion to target cells and to apply various therapeutic factors essential to the healing of

injured tissues [42, 43]. Gene therapy can be used for the delivery of growth factors,

and it may have the potential to modulate biochemical changes following a liga-

ment injury such as variations in collagen expression. Hildebrand et al. reported the

application of gene transfer to normal and ACL-injured knees in a rabbit model

[44]. They concluded that adenoviral vectors are able to express more efficiently

than retroviral vectors in ACL cells and can lead to a long period of gene expression

in vivo. Madry H et al. demonstrated that the stable FGF-2 expression via direct

recombinant adeno-associated virus vector-mediated gene transfer enhances the

healing of experimental human ACL lesions by activating key cellular and meta-

bolic processes [42]. Others reported the ability of vector-laden hydrogels in in situ

gene delivery to the injury site for potential biological repair of the ACL [45]. How-

ever, unresolved challenges exist in this therapy, including trans-infection of the

target cells with foreign genes, targeting the right gene at the right location in the

right cells and expressing sufficiently at the right time while minimizing adverse

reactions [46, 47].

43.2 Our Challenges in Tissue Engineering Approaches

for ACL Injury

In the past decade, we have investigated tissue regeneration in animal models of

musculoskeletal disorders by using cells, scaffold, and delivery systems which has

been relatively easy to apply and develop in clinical settings. Moreover, microRNA

(miRNA), which is important in biological processes and in the pathogenesis of

human diseases, has been used in research on regenerative medicine.

43.2.1 Tendon to Bone Healing

Successful ACL reconstruction with a tendon graft requires solid healing of the

tendon graft in the bone tunnels [48]. A complete bone tunnel healing of a ligament

graft may occur as late as 6–12 months after surgery, and the weakest part during

early healing is the attachment between tendon and bone [49]. Thus tendon to bone

incorporation of tendon grafts within the bone tunnel is a major concern when using

a tendon graft for ligament reconstruction. Furthermore, hamstring grafts have been

associated with a higher incidence of bony tunnel widening, and the strength of this

attachment is crucial for the success of the ACL reconstruction [50]. We applied

commercially available enamel matrix derivative (EMD) (EMDOGAIN; Biora,
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Malm€o, Sweden) for better healing of the tendon graft in the bone tunnels. EMD is

extracted from the tooth germs of the immature porcine mandible and is composed

of many proteins, such as amelogenin, enamelin, seathlin, and proteases, with

amelogenin as the main component (>90%) [51]. It induces ligament fibroblast

proliferation and migration, total protein synthesis, alkaline phosphatase activity,

and mineralization, and it stimulates MSCs [52]. These proteins have been used

clinically in regenerative periodontal procedures. In experimental models and

clinical studies, EMD has been shown to promote the regrowth and regeneration

of natural supporting structures, including cementum, periodontal ligament, and

alveolar bone. In experimental rat ACL reconstruction models, we filled 40 μl of
EMD with propylene glycol alginate as a carrier protein in the space around the

tendon–bone interface on the tibial side. We demonstrated that EMD, when filled in

around the tendon–bone interface, accelerates tendon–bone healing at 8 weeks in

histological analysis and at 8 and 12 weeks in biomechanical analysis (Fig. 43.1).

EMD has not previously been used clinically in the knee joint, and to date, we have

applied it in clinical study.

Fig. 43.1 Histological images showing evaluation of the tendon–bone interface of a specimen at

8 weeks after surgery, for the enamel matrix derivative group (EMD+) (top row) and the control

group (EMD–) (bottom row). Abundant perpendicular collagen fibers connecting to the bone and

Sharpey’s fibers were observed in the EMD+ group (top); they were not seen in the control group

(bottom) (left panels, hematoxylin and eosin staining; right panels, azan staining. T tendon,

B bone; original magnification� 100)
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43.2.2 Application of Stem Cells

For the cell source, we focused on MSC and endothelial progenitor cell (EPC).

With MSCs, we evaluated biomechanically and histologically whether intra-

articularly injected MSCs can accelerate the healing of a partially torn ACL using

a rat model. We created an ACL partially transected model in rats and injected

1� 106 MSCs into the knee joint [38]. We demonstrated that the transected area

was covered with healing tissues at 2 and 4 weeks after MSC injection, and we

found that the ultimate failure load of the femur–ACL–tibia complex was signifi-

cantly improved by intra-articular MSC injection (Fig. 43.2).

EPCs have been reported to play an important role for pathophysiological

neovascularization in various ischemic tissues, and they also have the therapeutic

potential to facilitate tissue repair/regeneration and modulate the regenerating

environment. We confirmed that bone marrow-derived EPCs may contribute to

the tissue repair by augmenting neovascularization following spinal cord injury,

thus we think that these cells can be applied to the ligament tissue engineering in the

future [53].

Fig. 43.2 Specimen at

4 weeks: macroscopic

observations in (a) MSC(�)

group and (c) MSC(�)

group and histological

appearance in (b) MSC(�)

group and (d) MSC(�)

group (H&E staining,

original

magnification� 100)

(arrows, transected area)
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43.2.3 Application of miRNAs

In addition to cell therapy, we examined the potential of tissue regeneration by

miRNA which are important in biological processes and human diseases. MiRNAs

are a class of noncoding RNA that regulate gene expression posttranscriptionally

and are recognized as one of the major regulators of a variety of biological

processes, for example, the cell cycle, immune function, and metabolism

[54, 55]. MiRNAs regulate gene expression by binding 30 UTR of their target

mRNAs before translational repression or mRNA degradation. Many miRNAs are

evolutionarily conserved across phyla, identified from nematodes to humans.

Because miRNAs are of crucial importance in the pathogenesis of human diseases,

including in the orthopedic field, miRNAs have attracted attention for developing a

novel therapeutic strategy. To date, hundreds of human miRNAs have been iden-

tified, and they are known to regulate several mRNAs with distinct effects on

individual genes in a single cell. Several therapeutic trials examining the regulation

of endogenous miRNAs that are related to disease pathogenesis through in vivo
administration of specific antisense oligoribonucleotides or double-stranded

miRNAs have been reported [56–58].

MiRNA-210 (miR-210) is known to be extremely important in angiogenesis and

is upregulated in response to hypoxia, subsequently affecting endothelial cell

survival, migration, and differentiation. Overexpression of miR-210 in endothelial

cells can stimulate the formation of a capillary structure [59]. We hypothesized that

miR-210 administration by intra-articular injection would accelerate ACL healing

via enhancement of angiogenesis [60]. We created an ACL partially transected

model in rats and injected intra-articular double-stranded (ds) miR-210 with

atelocollagen soon after injury. Histological analysis confirmed that the transected

area was covered with healing tissue by miR-210 injection at 4 weeks after injury

(Fig. 43.3). We confirmed that an intra-articular injection of miR-210 mimic could

improve the biomechanical properties of partially transected ACL, achieving

good coverage of healing tissue with abandoned vessels on the injured site by

upregulation of VEGF, FGF2, and collagen type 1, suggesting the possibility of

miRNA therapy for ACL injury.

Interestingly, several miRNA candidates for fibrosis or tendon fibroblast prolif-

eration and osteogenesis have been reported. For example, miR-21, miR-29b,

miR-133b, miR-155 and let-7 were reported to have relationships with fibrosis or

tendon fibroblast proliferation, and miR-26a and miR-222 were reported to have an

osteogenic potential [61–63]. Thus, it is likely that the combination of miRNA

injection with or without surgical procedures may be more useful and have much

ability for the ligament itself and for tendon to bone healing.
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43.2.4 Cell Delivery System

For tissue regeneration, it is essential to accumulate cells effectively at the injured

site. Therefore, a cell delivery system or method to accumulate cells in the desired

area is required. In our experimental model, MSCs were labeled with ferumoxides,

dextran-coated superparamagnetic iron oxide nanoparticles approved by the US

Food and Drug Administration as a magnetic resonance contrast agent for hepatic

imaging of humans. Our cell delivery system uses a minimally invasive external

magnetic force device (Fig. 43.4). We originally made an external magnetic device

that generated a high magnetic force, and we succeeded in accumulating magnet-

ically labeled MSCs (m-MSCs) in the desired area [64]. Our study also confirmed

that the proliferation and chondrogenic, osteogenic, and adipogenic differentiation

of m-MSCs were not affected by magnetic labeling and exposure to a magnetic

force. To date, clinical trials are on set in the knee joint [65].

Fig. 43.3 (a) Macroscopic findings of the ACL at 4 weeks after intra-articular injection of ds

RNA. (b) Histological findings of ACL at 4 weeks. Left panels indicate H&E staining and right
panels indicate Masson trichrome staining. Arrows indicate the site of resection of ACL. (c) The

ultimate failure load after partial resection of rat anterior cruciate ligament (n¼ 5). The ultimate

failure load of the ds miR-210 group was significantly higher than that of the control group at

4 weeks after surgery (Data were calculated as means� SD. *;p< 0.05)
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43.3 Future Perspectives

In our studies, the use of stem cells and miRNA has led to the effective regeneration

of musculoskeletal tissues including ACL. The current and future objective is more

effective and less invasive cell-based therapy with spatial control of transplanted

cells by means of an external magnetic force.

Although the tissue engineering approach has led to the emergence of novel

biologically augmented ACL repair techniques, unresolved challenges exist in

optimizing these applications for ACL repair. Analysis of efficiency, safety, deliv-

ery, and maintenance methods, as well as the mechanism of tissue regeneration by

cells, scaffolds, and miRNAs, is needed. This will lead to a more promising

regenerative medicine, involving the development of a new generation of therapy.

As for the cell therapy in tissue regeneration, its mechanism is yet to be fully

elucidated. Analysis of miRNA/exosome, which circulates microvesicle packaging

miRNAs in cell therapy, has the potential to clarify this mechanism, thus leading to

a novel alternative cell therapy for tissue regeneration. Several reports have

revealed that therapeutic trials by administration of synthetic miRNA or modified

antisense in vivo have been conducted in many fields; hence, miRNA therapy in

clinical orthopedics will be introduced in the near future. It is likely that the

combination of miRNAs and an external magnetic device will be more useful and

safe, so any accompanying challenges should be examined to discover the most

effective and least invasive methods. As for the cell therapy, mobilization from

bone marrow (in vivo expansion) with G-CSF (granulocyte colony-stimulating

factor) and subsequent apheresis will be required in order to obtain plenty of

“EPCs,” because of their low frequency. Therefore, as a future option, ex vivo

cell expansion by the use of optimized medium containing growth factor/cytokine

cocktails has been tried, to establish a less invasive and less costly approach for

EPC-assisted tissue regeneration. Furthermore, well-controlled human trials are

needed to assure the ultimate efficacy of these novel approaches.

Fig. 43.4 External

magnetic device
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In conclusion, recent advances in the area of tissue engineering and regenerative

medicine coupled with an improved understanding of the requirements for ACL

healing offer great potential for new insights which would result in significant

imminent achievements. The present study suggested therapeutic potential of our

strategy in the treatment of ACL injury, and they will be a promising future

candidate for ACL injury treatment. Future work should focus on further refinement

of these techniques, in an effort to improve the clinical outcomes followed by their

translation into effective human application.
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