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General Introduction 

The Anterior Cruciate Ligament (ACL) is one of the four major ligaments of the 
knee joint. From its attachment on medial aspect of lateral femoral condyle in the 
intercondylar notch, the ACL courses anteriorly and medially to its attachment on 
the tibia. Anatomical studies have shown that the ACL consists of two functional 
fiber bundles, which are named as the anteromedial bundle (AMB) and the 
posterolateral bundle (PLB), based on their tibial insertion sites (Figure 1). When 
the contributions of the individual functional bundles are analyzed, studies have 
demonstrated that the AMB makes a greater contribution to anteroposterior 
stability while the PLB makes a greater contribution to rotational stability.1,2 As a 
whole, the ACL has a crucial role in stabilizing the knee joint. 

 

 

 
 

Figure 1: The anteromedial bundle (AMB) and 
posterolateral bundle (PLB) of the anterior cruciate 
ligament. 

 

 

 
 

While participation in athletic and physical activity has several health benefits, it 
also bears the risk of generating high-stresses within the knee joint. Such abnormal 
loading conditions can lead to rupture of the ACL. While the precise incidence rate 
of ACL injury is difficult to evaluate, annual incidence of injury is estimated at 
80,000 to more than 250,000, making it one of the most commonly injured 
ligaments of the body.3,4 Injury to the ACL, which is predominant in the physically 
active young people, has a debilitating effect on the knee joint. Patients with 
complete rupture of the ACL often report joint instability not only during high-
demand activities, but also during normal activities, such as walking. This 
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instability renders the patients daily activities difficult to perform and hence 
severely affect their quality of life. Further, in the long-term, repeated episodes of 
instability due to ACL injury have been associated with secondary injury to 
meniscus and subsequent accelerated development of knee osteoarthritis (OA) in 
about 50% of patients.4-6 Development of knee OA has severe consequences 
leading to decreased quality of life and increased economic burden. It is estimated 
that nearly $60,000 per person is spent during their lifetime if they eventually 
undergo total knee arthroplasty.7 

Surgical reconstruction of the torn ACL has been the standard of care to restore 
normal joint stability, function and to prevent development of long term OA. About 
200,000 ACL reconstructions are performed each year in the United States of 
America alone, at a cost of $3 billion U.S. dollars.8 The single-bundle ACL 
reconstruction, using either autologous or allogeneic graft fixed in a single tibial 
and femoral tunnel, is the most commonly used operative technique. This 
technique has been shown to successfully restore normal anterior stability of the 
knee joint, but several studies have reported persistent rotational instability and 
long-term degenerative changes in the knee joint following surgery. These 
suboptimal outcomes following single-bundle ACL reconstruction are often 
attributed to partial reconstruction of the two functional bundles of ACL.9-11  

In an effort to further improve on the surgical outcomes following ACL 
reconstruction and with a greater understanding of the ACL anatomy, double-
bundle ACL reconstruction techniques are being advocated to closely reproduce 
the native anatomy by reconstructing both functional bundles. Restoration of the 
native anatomy is believed to provide better stability to the knee joint and prevent 
long term OA. Although there is a theoretical advantage to reconstructing both 
bundles of the ACL, consensus on the superiority of double-bundle ACL 
reconstruction over the conventional single-bundle ACL reconstruction is yet to be 
established.10-17 We investigated both, biomechanical and clinical efficacies of 
these two techniques.18,19 Through our studies we found that double-bundle 
reconstruction can better restore the joint stability in cadaveric knees and in an 
intraoperative setting than single-bundle reconstruction.18 Conversely, when their 
efficacies were compared two years post-operatively in a prospective clinical 
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study, no differences in clinical outcomes were found between these treatment 
modalities.19 

However, current clinical outcome measurements have been criticized for their 
lack of accuracy and reliability and are reported to be subjective.20-24 To accurately 
assess the superiority of a particular reconstruction technique, such confounding 
factors need to be minimized. Objective evaluation of single- and double-bundle 
ACL reconstructions is paramount for establishing their efficacy and to assist the 
orthopaedic surgeons in the process of effective clinical decision making. Various 
in vitro and in vivo (intraoperative) biomechanical studies have used more 
objective, accurate, and reliable testing tools—such as a navigation system and a 
robotic testing system—to evaluate the efficacy of various reconstruction 
techniques. Therefore, in Chapter 2 a systematic review of the literature and 
subsequently a meta-analysis was performed on the efficacy of single- and double-
bundle ACL reconstruction techniques in restoring normal joint laxity. 

As the scientific evidence on the efficacy of single- and double-bundle ACL 
reconstructions continues to accumulate, critics of the double-bundle technique 
have identified numerous technical and economical challenges with this technique. 
The technical challenges and complications include concern about the creation of 
four tunnels instead of two tunnels, increase in the likelihood for incorrect tunnel 
placement, potential for bone bridge fracture, risk of lateral femoral condyle 
fracture, increase in the duration of surgery, and complications with revision 
surgery.25,26 Further, the health-related quality of life and clinical outcomes 
following single- and double-bundle reconstructions have been shown to be 
similar, with a higher cost associated with double-bundle ACL reconstruction.27 
The additional economic burden on the healthcare system in the event of a 
widespread adoption of double-bundle ACL reconstruction is estimated to range 
from $36 million to $792 million per year in the United States alone.28 In light of 
these drawbacks and a lack of consensus on the improvement of clinical outcomes 
following double-bundle ACL reconstruction, there is an urgent need for the 
development of innovative techniques that can retain the technical simplicity of the 
single-bundle technique, while maximizing the clinical outcomes and minimizing 
the surgical costs. Therefore, the concept of single-tunnel – double-bundle (STDB) 
technique is introduced as an alternative to both single- and double-bundle 
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reconstructions (Chapter 3 and Chapter 4). Further, the efficacy of STDB and 
single-bundle techniques in restoring normal knee kinematics is compared in these 
chapters. 

In addition to the technique for ACL reconstruction, success of the surgery is 
dependent on numerous other factors. One such critical factor is the tunnel position 
on the femur and the tibia. Studies have demonstrated better clinical outcomes and 
lower failure rate when anatomical tunnels are created as opposed to non-
anatomical tunnels.29-33 The evidence of improved clinical outcomes after anatomic 
ACL reconstruction has provided an impetus for the debate on the ability of 
currently practiced tunnel creation techniques to achieve anatomic tunnels. 
Therefore, it is imperative to comprehensively evaluate the relationship between 
the anatomical ACL footprints and the tunnels created by three widely practiced 
tunnel creation techniques: transtibial (TT), anteromedial (AM) portal, and outside-
in (OI). In addition, the risk of iatrogenic injury by these techniques should be 
carefully assessed to establish guidelines for choosing an optimal technique. The 
relationship between intra-articular femoral tunnel aperture and anatomic ACL 
footprints, and the potential risk of iatrogenic injury by these three techniques are 
studied in Chapter 5.  

While each of these three approaches has its perils and advantages, the comparative 
efficacies of tibial tunnel–independent (AM portal and OI) and tibial tunnel–
dependent (TT) techniques in restoring normal knee biomechanics remains to be 
evaluated. In Chapter 6 we measured the knee joint laxities and ACL graft forces 
following ACL reconstruction by using TT, AM portal and OI techniques and 
compared them to normal knee laxities and ACL forces to identify optimal femoral 
tunnel drilling approaches. 

In spite of the advances in the surgical reconstruction techniques, no technique has 
conclusively shown to be effective in preventing the development of knee OA.34,35 
While the risk factors for posttraumatic knee OA are multifactorial, studies have 
reported higher prevalence in patients who sustain combined injuries (21%-48%) 
than in patients with isolated ACL injury (0%-13%).34 Combined injuries such as 
meniscal tears and posterolateral corner injuries that occur at the time of ACL 
injury have implicated an increased risk of developing OA.5,35,36 Isolated ACL 
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injuries are relative rare with an incidence rate of less than 10%.4 By contrast, the 
incidence of concomitant meniscal tears in ACL injured patients is reported to be 
60 to 70%.4,6,37 Knowledge on whether ACL reconstruction performed along with 
meniscectomy in combined ACL and meniscus injured knees, can restore normal 
joint stability, could lead to better understanding of the mechanisms involved in the 
pathogenesis of OA and hence improve treatment strategies. Therefore, in Chapter 
7 the effect of subtotal medial meniscectomy on ACL deficient knee kinematics 
and the efficacy of ACL reconstruction in these knees are evaluated in a 
biomechanical study.  

Survival and success of ACL reconstruction is dependent on comprehensive 
diagnosis of injuries sustained by other knee structures at the time of ACL injury 
and appropriate treatment delivery for these associated injuries. One such 
associated injury commonly undiagnosed is the injury to posterolateral structures 
(PLS). While isolated injuries to the PLS are less common (28%)38, about 29–89% 
of patients injure their PLS in conjunction with the ACL or posterior cruciate 
ligament, or both.39-43 Undiagnosed and hence untreated injuries to the PLS could 
result in abnormal knee kinematics and elevated levels of ACL graft loading, 
causing subsequent failure of ACL reconstruction.44,45 In Chapter 8 we evaluated 
if an injury to the popliteus complex (popliteus tendon and popliteofibular 
ligament) of the PLS, affects the forces experienced by the ACL graft under 
external loading conditions. 

Chapter 9 provides a synthesis of Chapters 2-8 with a systematic and cohesive 
discussion of the findings, with the objective to establish optimal ACL 
reconstruction techniques to restore normal anatomy, knee joint biomechanics and 
function. This chapter will also present the limitations of this thesis within which 
premise the observations presented here must be interpreted. Finally, it will 
identify the gaps in current literature and provide a summary of potential future 
research to accrue knowledge base, which may determine most efficacious 
treatments for ACL injury. 

Specific Aims: 

Aim 1: To conduct a systematic review of the current biomechanical literature on 
single- and double-bundle ACL reconstruction techniques and to use quantitative 
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methods of meta-analysis to synthesize the evidence on the comparative 
effectiveness of these two treatment modalities. 

Aim 2: To introduce novel single-tunnel–double-bundle ACL reconstruction 
techniques as alternatives to both, single- and double-bundle reconstruction 
techniques, and to quantitatively compare the effectiveness of single-tunnel–
double-bundle and single-bundle ACL reconstruction techniques in restoring 
normal knee joint kinematics. 

Aim 3: To quantitatively compare the relationship between the anatomical ACL 
footprints and the tunnels created by transtibial, anteromedial portal, and outside-in 
techniques. Further, to compare the knee joint laxities following ACL 
reconstruction using these three femoral tunnel drilling approaches, to the normal 
joint laxity. 

Aim 4: To evaluate the effect of combined ACL injury and subtotal medial 
meniscectomy on knee kinematics before and after ACL reconstruction. 

Aim 5: To determine the effect of untreated popliteus complex injury on knee joint 
kinematics and ACL graft forces in ACL reconstructed knees. 
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Abstract 

Purpose: The purpose of this study was to systematically pool the evidence from 
the reported biomechanical studies, to objectively evaluate if double-bundle ACL 
reconstruction is superior in restoring normal translational and rotational laxities 
than conventional single-bundle ACL reconstruction. 

Methods: A systematic literature search was conducted to identify ex vivo and in 
vivo (intraoperative) biomechanical studies that compared the laxities (anterior or 
anteroposterior or rotational) between single- and double-bundle ACL 
reconstructions. Because of large variability among the loading conditions and 
testing methods used to determine the rotational laxities among the studies, a meta-
analysis of rotational laxities was not feasible.  

Results: Seven ex vivo and three in vivo studies were included in this analysis 
based on the predefined inclusion criteria. The overall mean differences calculated 
by random effects model in anteroposterior laxity between single- and double-
bundle ACL reconstruction techniques at 0°, 30°, 60°, and 90° of flexion were 0.99 
mm, 0.38 mm, 0.34 mm, and 0.07 mm, respectively. No statistically significant 
difference was noted between the two treatments at all flexion angles. Among the 
nine studies that compared rotational laxity of single- and double-bundle ACL 
reconstructions, four reported that double-bundle reconstruction can provide better 
rotational control than single-bundle reconstruction. The other five studies could 
not identify any significant difference between the two reconstructions in terms of 
rotational laxity.  

Conclusion: Both single- and double-bundle treatment options for ACL injury 
result in similar anteroposterior knee joint laxity at time zero. No conclusive 
evidence on the superiority of one reconstruction technique over the other in terms 
of rotation laxity can be obtained because of several variations in the experimental 
protocol and the kinematics used to measure rotational laxity among the studies. 
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Introduction 

Given the large number of ACL injuries not only among high performance athletes 
but also among the general population, there have been numerous efforts aimed at 
effectively managing such injuries. Single-bundle ACL reconstruction has been the 
most commonly used operative treatment for an ACL injury, where an autogenous 
or allogeneic graft is fixed in a single tibial and femoral tunnel.1 However, it is 
reported that only 67% to 76% of patients who underwent ACL reconstruction with 
either hamstring tendon graft or bone–patellar tendon–bone graft could return to 
their pre-injury level of activity.2 Furthermore, development of degenerative 
changes in the knee joint remains a major concern after such surgical 
interventions.3,4 Some of these complications have been attributed to inefficient 
control of tibial rotation after single-bundle ACL reconstruction.5-8  

To further improve on current single-bundle ACL reconstruction techniques and 
with a greater understanding of ACL anatomy, double-bundle ACL reconstruction 
techniques are being advocated to reproduce native anatomy of ACL more closely 
and hence potentially provide better stability to the knee joint.9-11 Although there is 
an apparent theoretic advantage to reconstructing both the bundles of ACL, a 
consensus has yet to be established on the superiority of double-bundle ACL 
reconstruction over the conventional single-bundle ACL reconstruction.11-13  

Recently, a meta-analysis of outcomes showed a significantly smaller side-to-side 
difference in KT-1000 arthrometer measurement (MEDmetric, San Diego, CA) 
after double-bundle ACL reconstruction compared with single-bundle ACL 
reconstruction, but this difference was deemed to be clinically insignificant.13 
Furthermore, no significant difference was found between the two reconstructions 
in terms of pivot-shift testing when the results were dichotomized as normal/nearly 
normal versus abnormal/severely abnormal. However, it could be argued that 
“nearly normal” is not good enough, especially in young and high-performance 
ACL-injured patients.14 Furthermore, current clinical outcome measurements have 
been criticized for their lack of accuracy and reliability and are known to be 
subjective.15-19 To accurately assess the superiority of a particular reconstruction 
technique for the treatment of ACL injury, such confounding factors need to be 
minimized. Various ex vivo and in vivo biomechanical studies have used more 
objective, accurate, and reliable testing tools—such as a navigation system and a 
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robotic testing system—to evaluate the efficacy of various reconstruction 
techniques.11,19-25 Therefore the primary objective of this study was to 
systematically review the literature on the efficacy of single- and double-bundle 
ACL reconstruction techniques in restoring normal joint laxity among ex vivo and 
in vivo (intraoperative) biomechanical studies. We hypothesized that double-bundle 
ACL reconstruction can better restore the translational and rotational knee joint 
laxities compared to single-bundle ACL reconstruction at time zero. 

Methods 

Data Sources  

A systematic search of MEDLINE and EMBASE (January 1990 to March 2010) 
was conducted to identify ex vivo and in vivo (intraoperative) biomechanical 
studies that compared laxity (anterior or anteroposterior or rotational) between 
single- and double-bundle ACL reconstructions. These databases were searched for 
relevant articles by using the following key words: “anterior cruciate ligament,” 
“single bundle anterior cruciate ligament,” “double bundle anterior cruciate 
ligament,” “anterior cruciate ligament reconstruction,” and “anterior cruciate 
ligament biomechanics.” References of each selected article were manually 
searched for any articles that may have been missed during the database search. 
Two authors performed the search for relevant articles and the identified articles 
were included in this study on consensus.  

Study Selection  

The selected articles were further screened to be included in this systematic review 
based on the following inclusion criteria. All studies included have reported at least 
one of the laxity (anterior or anteroposterior or rotational) measurements regardless 
of the language in which they were published. There were no restrictions applied to 
the source of grafts or fixation devices used in the reconstruction procedures. 
Studies that did not use human knees or that used synthetic graft materials were 
excluded from this analysis. Furthermore, included studies were analyzed to ensure 
that reported data were not duplicated in different reports of the same trial. 
Sensitivity analyses were performed to examine whether there were any significant 
differences in the conclusion when the analysis was performed on studies grouped 



Single- Versus Double-Bundle Meta-Analysis 

23 

as (1) ex vivo studies, (2) in vivo studies, (3) studies that used two tibial tunnels for 
double-bundle reconstruction, and (4) studies that used one tibial tunnel for double-
bundle reconstruction. 

Data Extraction 

Data extraction from each included study was performed by 2 different authors 
independently and was recorded in a Microsoft Excel worksheet (Microsoft, 
Redmond, CA). The following data were extracted from each included study: first 
author, year of publication, number of specimens/subjects used in each treatment 
group, and mean anterior/anteroposterior laxity measurements at 0°, 30°, 60°, and 
90° of flexion, as well as their corresponding variance. All the outcomes were 
extracted as continuous variables from the included studies. The means and 
variances that were only reported in figures were extracted by open-source 
digitizing software (Engauge Digitizer 4.1). Figure 4 from Yagi et al.26 was 
digitized to obtain the mean and variance at full extension and 60° of flexion. 
Similarly, Fig 4A from Mae et al.24 was digitized for the mean and variance at 60° 
and 90° of flexion. Additional data that were extracted included number of femoral 
and tibial tunnels, tunnel positions, graft material, graft fixation angle, initial graft 
tension, testing equipment, graft fixation methods, and loading conditions. 

Data Analysis and Statistical Methods 

The absolute difference between means, variance, and 95% confidence interval 
(CI) for each individual trial were calculated. To account for both between-study 
and within-study variances, a random effects model was used to calculate the 
overall mean difference between the 2 treatments and its corresponding 95% CI. 
Among the 10 studies included in the meta-analysis,11,24-32 four had a paired study 
design, where the efficacy of each treatment was investigated using a robotic 
testing system in the same specimen.24,26-28 The other 6 studies used 2 independent 
groups of patients/specimens for each treatment.10,11,25,29,31,32 Paired analysis results 
for 3 of the 4 studies that used a paired design were not available from the 
article.24,26,28 These studies only reported the means and standard deviations for 
each treatment separately. Therefore, measurements reported for each treatment 
were included in the meta-analysis as if they were obtained from independent 
groups for each treatment. Another approach to include the studies with a paired 
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Table 1.  Summary of in vitro Biomechanical Studies 

Study Femoral tunnel 
placement 

Tibial tunnel 
placement Graft material Graft fixation 

angle/ Tension 

Testing 
equipment/ 

Loading 
conditions 

Graft fixation 
methods Conclusion 

Albuquerque 
et al29 

SB: “30° from the 
central position” 

DB: AMB: same 
as SB with a 
smaller diameter 
PLB: 2mm 
posterior-
inferior from 
AMB 

SB: 5 mm 
anterior to the 
medial 
intercondylar 
tubercle 

DB: same as SB 

SB: QT 
DB: AMB: 

Split QT 
PLB: Split 
QT 

SB: 30°/ manual 
DB: AMB: 30°/ 

manual PLB: 
30°/ manual 

Universal 
Kratos® Model 
k5002 testing 
machine/ 100 
N anterior 
force 

Tibia: Bicortical 
screw and 
washer 

Femur: Suture and 
bicortical screw 

Both the ACL 
reconstruction 
techniques are not 
capable of restoring 
intact knee stability 

Ho et al25 SB: 25% and 
28.5% from 
posterior 
femoral cortex 
and Blumensaat 
line respectively 

DB: AMB: Center 
of AMB PLB: 
Center of PLB 

SB: 44% and 
43% from 
medial tibial 
cortex and 
anterior tibial 
cortex 

DB: AMB: Center 
of AMB PLB: 
Center of PLB 

SB: ST/ GRA 
DB: AMB:ST  
PLB: GRA 

SB: 30°/ 67 N 
DB: AMB: 60°/ 

67 N PLB: 
full extension/ 
67 N 

  

Navigation 
system/ 133 N 
anterior force 

Tibia: BioRCI bio-
interference 
screw 

Femur: 
EndoButtonCL 

Both reconstructions 
can equally restore 
joint stability 

Mae et al24 SB: 11:00/ 1:00 
o’clock 

DB: AMB: 11:00/ 
1:00 o’clock 
PLB: 9:30/ 2:30 
o’clock 

SB: Center of 
ACL footprint 

DB: same as SB 

SB: ST/ GRA 
DB: AMB:ST  
PLB: GRA 

SB: 20°/ 44N 
and 88N 

DB: AMB: 20°/ 
22N and 44N 
PLB: 20°/ 
22N and 44N 

Robotic 
simulator/ 100 
N anterior & 
posterior force 

Tibia: Custom-
made force 
gauges 

Femur: 
EndoButton 

Two femoral sockets 
ACL reconstruction 
provided better 
anterior-posterior 
stability compared to 
single femoral socket 
ACL reconstruction 
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Table 1 – continued 

Study Femoral tunnel 
placement 

Tibial tunnel 
placement Graft material Graft fixation 

angle/ Tension 

Testing 
equipment/ 

Loading 
conditions 

Graft fixation 
methods Conclusion 

Sbihi et al32 SB: 11:00/ 1:00 
o’clock 

DB: AMB: 11:00/ 
1:00 o’clock 
PLB: 9:30/ 2:30 
o’clock 

SB: Posteromedial 
portion of the 
ACL footprint 

DB: AMB: 7-8 
mm anterior to 
the PLB  

PLB: Anterior to 
anterolateral 
tibial spine, 7 
mm anterior to 
PCL 

SB: ST/ GRA 
DB: AMB: ST  
PLB: GRA 

SB: NI/ 50N 
DB: AMB: 45° 

to 90°/ 50N 
PLB: 15°/ 
50N 

Rolimeter™/ 
maximum 
manual force 

Tibia: Interference 
screw with 
staples 

Femur: Suture and 
bicortical screw 

DB ACL 
reconstruction only 
resulted in a small 
improvement in 
anterior laxity 
compared to SB 
ACL reconstruction 

Seon et al27 SB: 10:30/ 1:30 
o’clock 

DB: AMB: Center 
of AMB PLB: 
Center of PLB 

SB: Center of 
ACL footprint 

DB: AMB: Center 
of AMB PLB: 
Center of PLB 

SB: ST/ GRA 
DB: AMB: ST 
PLB: GRA 

SB: Full 
extension/ 
40N 

DB: AMB: 60°/ 
20N PLB: 

 
 

 

Robotic testing 
system/ 134 N 
anterior load 

Tibia: Tibial 
IntraFix 

Femur: 
EndoButtonCL 

DB ACL 
reconstruction can 
better restore the AP 
laxity than SB ACL 
reconstruction 

Yagi et al26 SB: 11:00/ 1:00 
o’clock 

DB: AMB: Center 
of AMB PLB: 
Center of PLB 

SB: 5-7 mm 
anterior to PCL 

DB: same as SB 

SB: ST/ GRA 
DB: AMB: ST        
PLB: GRA 

SB: 30°/ 44N 
DB: AMB: 60°/ 

22N 
PLB: 15°/ 22N 

Robotic testing 
system/ 134 N 
anterior load 

Tibia: Bicortical 
screw and 
washer 

Femur: 
EndoButtonCL 

DB ACL 
reconstruction 
provides better 
rotational stability 
than SB ACL 

Yamamoto et 
al28 

SB: “approximate 
the PL bundle of 
the ACL” 

DB: AMB: Center 
of AMB PLB: 
Center of PLB 

SB: 5-7 mm 
anterior to PCL 

DB: same as SB 

SB: ST/ GRA 
DB: AMB: ST        
PLB: GRA 

SB: 30°/ 44N 
DB: AMB: 60°/ 

22N 
PLB: 15°/ 22N 

Robotic testing 
system/ 134 N 
anterior load 

Tibia: Spiked 
washer and 
screw 

Femur: 
EndoButtonCL 

Lateralized SB ACL 
reconstruction is 
comparable to DB 
ACL reconstruction 
at low flexion angles 

Abbreviations: AMB, anteromedial bundle; AP, anterior-posterior; DB, double-bundle ACL reconstruction; GRA, gracilis tendon; NI, no information available; PCL, posterior 
cruciate ligament; PLB, posterolateral bundle; QT, quadriceps tendon; SB, single-bundle ACL reconstruction; ST, semitendinosus tendon. 
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Table 2.  Summary of in vivo Biomechanical Studies 

Study Femoral tunnel 
placement 

Tibial tunnel 
placement Graft material Graft fixation 

angle/ Tension 

Testing 
equipment/ 

Loading 
conditions 

Graft fixation 
methods Conclusion 

Ferretti et 
al30 

SB: 11:00/ 1:00 
o’clock 

DB: AMB: 
insertion site of 
AMB PLB: 
insertion site of 
PLB 

SB: 7 mm 
anterior to 
PCL 

DB: AMB: 
insertion site 
of AMB PLB: 
insertion site 
of PLB 

SB: ST/ GRA 
DB: AMB: ST        

PLB: GRA 

SB: NI 
DB: AMB: 60°/ 

manual PLB: 
15°/ manual  

Navigation 
system/ 
maximum 
manual force 

Tibia:  
SB: Evolgate 
DB: Interference 

screws 
Femur:  
SB: SwingBridge 
DB: Mini-

SwingBridge 

Both 
reconstructions 
improved 
anteroposterior 
and rotational 
stability without 
any significant 
differences 
between them 

Hofbauer et 
al31 

SB: 10:00/ 2:00 
o’clock 

DB: AMB: 11:00/ 
1:00  o’clock 
PLB: 9:30/ 
2:30  o’clock 

SB: Center of 
AMB 
footprint  

DB: NI 

SB: ST (17 patients), 
ST/ GRA (10 
patients) 

DB: ST (5 patients), 
ST/ GRA (23 
patients). Thicker 
graft for AMB and 
thinner graft for PLB 

SB: NI 
DB: NI  

Navigation 
system/ 
maximum 
manual force 

Tibia: Suture disc 
Femur: 

EndoButtonCL 

No significant 
difference 
between the two 
techniques was 
observed in terms 
of AP laxity 

Song et al11 SB: 11:00/ 1:00 
o’clock 

DB: AMB: 11:00/ 
1:00 o’clock 
PLB: 5 to 8 
mm anterior to 
LFC cartilage 
and 3 to 5 mm 
from the 
inferior LFC 
cartilage at 90° 
of flexion. 

SB: Center of 
ACL footprint 

DB: AMB: 7 
mm anterior 
and 5 mm 
medial to the 
PLB tunnel 
PLB: center of 
PLB footprint 

SB: tibialis anterior 
DB: AMB: tibialis 

anterior PLB: tibialis 
anterior 

SB: 10°-20°/ 
manual 
maximal 
tension 

DB: AMB: 60°-
70°/ manual 
maximal 
tension PLB: 
10°-20°/ 
manual 
maximal 
tension 

Navigation 
system/ 
maximum 
manual force 

Tibia: 
Bioabsorbable 
interference 
screws and 
staple 

Femur: 
EndoButton 

DB ACL 
reconstruction can 
provide better 
anteroposterior 
and rotational 
stability than SB 
ACL 
reconstruction 

Abbreviations: AMB, anteromedial bundle; AP, anterior-posterior; DB, double-bundle ACL reconstruction; GRA, gracilis tendon; LFC, lateral femoral condyle; NI, no 
information available; PCL, posterior cruciate ligament; PLB, posterolateral bundle; QT, quadriceps tendon; SB, single-bundle ACL reconstruction; ST, semitendinosus tendon. 
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design in the meta-analysis was explored through an attempt to approximate the 
paired analysis. Paired analysis results were estimated by imputing the correlation 
coefficient from Seon et al.27 for 3 studies.24,26,28 The results of this analysis are 
presented in detail in the Appendix.  

To assess the robustness of the meta-analysis results, influence of variables (ex 
vivo/in vivo study design, number of tibial tunnels used in double-bundle 
reconstruction, and graft source) on the pooled estimate of the treatment difference 
was explored by performing a series of subgroup analyses. All statistical analyses 
were performed by use of RevMan 5.0.18.33. 

Because of the large variability among the loading conditions and testing methods 
used to determine the rotational laxity between the studies, a meta-analysis of these 
studies was not feasible. Instead, the results from the original articles on the 
rotational laxities are presented as a systematic review. 

Results 

Our literature search produced 21 biomechanical studies (ex vivo and in vivo) that 
compared the laxities after single- and double-bundle ACL reconstructions.9,11,22-

32,34-41 Of these 21 studies, ten studies were excluded: four studies because no 
variance and/or means were reported,22,23,39,41 one study that used prosthetic 
ligament for reconstruction,9 one study that used sheep knee specimens,37 one study 
that used a rectangular femoral tunnel for single-bundle ACL reconstruction,34 two 
studies because of duplication of data,38,40 and one review article.35 One of the 
included studies reported only rotational laxity.36 Seven ex vivo24-29,32 and three in 
vivo11,30,31 studies were selected based on the predefined inclusion criteria for this 
analysis. Of the included studies, four of the seven ex vivo studies used two femoral 
tunnels and one tibial tunnel for their double-bundle ACL reconstructions24,26,28,29 
and three studies reamed two separate tunnels for each of the bundles on the femur 
and tibia.25,27,32 All of the included in vivo studies used two separate tunnels for 
each of the bundles on femur and tibia for double-bundle ACL reconstruction. A 
summary of the data extracted from these studies is presented in Tables 1 and 2. 
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Anterior Laxity  

When all the included studies were analyzed together, the overall mean difference 
calculated by the random effects model in the anteroposterior laxity between 
single- and double-bundle ACL reconstruction techniques at 0° of flexion was 0.99 
mm (95% CI, -0.15 to 2.13). This mean difference implies that, on average, a knee 
reconstructed by single-bundle ACL reconstruction is 0.99 mm more lax in the 
anteroposterior direction at 0° than a knee reconstructed by double-bundle ACL 
reconstruction. Similarly, the overall mean differences calculated by the random 
effects model in the anteroposterior laxity between the single- and double-bundle 
ACL reconstruction techniques at 30°, 60°, and 90° of flexion were 0.38 mm (95% 
CI, -0.40 to 1.16), 0.34 mm (95% CI, -0.14 to 0.81), and 0.07 mm (95% CI, -0.43 
to 0.58), respectively. These results of the meta-analysis for 0°, 30°, 60°, and 90° 
of flexion are presented in Figs 1, 2, 3, and 4, respectively. No statistically 
significant difference was noted between the 2 treatments at all flexion angles. 
Similar overall mean differences between the 2 treatments were observed in the 
analysis where the correlation coefficient was imputed (Appendix). 

 

Figure 1. Forest plot of anterior/anteroposterior laxities of single-bundle (SB) and double-
bundle (DB) ACL reconstructions at 0° of flexion. The mean difference in laxities for each 
study is represented by the square, and its size represents the weight of the study; horizontal 
line running through the square represents 95% CI; overall estimate of mean difference is 
represented as a diamond, with its horizontal tips representing the 95% CI. 
 

When ex vivo and in vivo studies were analyzed separately, the overall mean 
difference between single- and double-bundle ACL reconstruction techniques at 
30° of flexion was 0.64 mm (95% CI, -0.55 to 1.84) and 0.07 mm (95% CI, -1.21 
to 1.35), respectively, with no statistically significant difference between the 2 
treatments in either groups. 
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Figure 2. Forest plot of anterior/anteroposterior laxities of single-bundle (SB) and double-
bundle (DB) ACL reconstructions at 30° of flexion. 
 

Analysis of the ex vivo studies as 2 separate groups (1 tibial tunnel24,26,28,29 and 2 
tibial tunnels25,27,32) showed that the overall mean difference between the 2 
treatments was less than 1.0 mm, which was not statistically significant. Finally, 
when ex vivo25,27 and in vivo11,30,31 studies that used 2 tibial tunnels for their double-
bundle reconstructions were compared with single-bundle reconstructions, we 
found an overall mean difference of 0.38 mm (95% CI, -0.15 to 0.92) between the 
2 techniques at 30° of flexion. Semitendinosus and gracilis tendons were used as 
graft material in 8 of the 10 included studies. Subgroup analyses of these studies 
resulted in an overall mean difference between the 2 treatments of 1.29 mm (95% 
CI, -0.16 to 2.73), 0.42 mm (95% CI, -0.71 to 1.56), 0.80 mm (95% CI, 0.03 to 
1.58), and 0.29 mm (95% CI, -0.50 to 1.09) at 0°, 30°, 60°, and 90° of flexion, 
respectively. 
 

Figure 3. Forest plot of anterior/anteroposterior laxities of single-bundle (SB) and double-
bundle (DB) ACL reconstructions at 60° of flexion. 
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Figure 4. Forest plot of anterior/anteroposterior laxities of single-bundle (SB) and double-
bundle (DB) ACL reconstructions at 90° of flexion. 
 

Given the low standard deviation reported in the study by Albuquerque et al.29 at 
60° and 90° of flexion, the weights assigned to this study were rather high: 63% 
and 59%, respectively. A sensitivity analysis was performed by excluding this 
study to explore its influence on the overall treatment difference. The overall mean 
differences between single- and double-bundle ACL reconstruction techniques with 
the exclusion of data from Albuquerque et al. study at 60° and 90° of flexion were 
0.80 mm (95% CI, 0.03 to 1.58) and 0.29 mm (95% CI, -0.50 to 1.09), 
respectively. 

Rotational Laxity 

Six ex vivo22,25-28,36 and three in vivo11,30,31 biomechanical studies that compared 
rotational laxities after single- and double-bundle ACL reconstructions were 
identified. Various loading conditions have been used to evaluate rotational laxity 
among these studies. The measurements reported after the application of these 
loads included anterior and anterior-posterior translations and internal, external, 
and internal-external rotations. The rotational laxities reported among the included 
studies are summarized in Table 3. Among these 9 studies that compared the 
rotational laxities after single- and double-bundle ACL reconstructions, two ex vivo 
studies26,27 and two in vivo studies11,31 found significant differences between the 2 
techniques. The other 5 studies could not find any significant difference in the 
rotational laxities between knees following single- and double-bundle 
reconstructions.22,25,28,30,36 
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Table 3.  Rotational Laxities of Single- and Double-Bundle ACL Reconstructions 

   
Anterior/ Posterior Translation  

(Mean ± SD [mm]) 
Internal/ External Rotation  

(Mean ± SD [°]) 
Study Loading condition Flexion (°) SB DB SB DB 

Ferretti et 
al30 

Manual Internal/ External load 30 – – 16.3 ± 5.4 (I) 
15.7 ± 4.3 (E) 

16.6 ± 3.8 (I) 
15.1 ± 2.4 (E) 

Ho et al25 10 N·m Internal torque 30 6.9 ± 4.5 (A) 8.8 ± 4.1 (A) 24.1 ± 6.5 (I) 24.8 ± 8.0 (I) 

60 4.7 ± 5.3 (A) 4.5 ± 3.5 (A) 18.6 ± 8.8 (I) 18.5 ± 0.0 (I) 

10 N·m External torque 30 0.1 ± 3.5 (P) 0.9 ± 1.9 (P) 17.5 ± 2.4 (E) 16.3 ± 3.7 (E) 

60 3.7 ± 2.8 (P) 4.6 ± 2.9 (P) 14.8 ± 2.3 (E) 15.2 ± 5.7 (E) 

Hofbauer et 
al31 

Manual Internal/ External load 30 – – 20.3 ± 0.2 (I) 12.3 ± 0.3* (I) 

Markolf et 
al36, † 

Valgus moment (2.5 – 4.3 N·m) and 
Iliotibial band force (19.9 – 37.3 N) 

21 – 36 9.4 ± 6.3 (AP) 6.8 ± 4.6* (AP) 11.2 ± 5.2 (IE) 11.1 ± 5.3 (IE) 

Markolf et 
al22, † 

5 N·m Internal Torque 0 – – 11.5 ± NI (I) 10.4 ± NI (I) 

15 – – 20.4 ± NI (I) 19.5 ± NI (I) 

30 – – 25.1 ± NI (I) 24.7 ± NI (I) 

60 – – 30.1 ± NI (I) 30.6 ± NI (I) 

90 – – 33.2 ± NI (I) 33.9 ± NI (I) 

Seon et al27 5 N·m Internal and 10 N·m Valgus 
Tibial Torques 

0 2.0 ± 3.7 (A) 0.6 ± 3.1* (A) 12.7 ± 5.2 (I) 9.9 ± 4.5* (I) 

30 3.1 ± 4.4 (A) 1.4 ± 3.9* (A) 19.1 ± 6.7 (I) 18.2 ± 6.1 (I) 

Song et al11 Manual Internal/ External load 30 – – 29.5 ± 3.8 (IE) 23.3 ± 4.0* (IE) 

Yagi et al26 5 N·m Internal and 10 N·m Valgus 
Tibial Torques 

15 8.5 ± 3.2 (A) 6.1 ± 2.8* (A) – – 

30 9.5 ± 2.6 (A) 7.5 ± 2.3* (A) – – 

Yamamoto 
et al28 

5 N·m Internal and 10 N·m Valgus 
Tibial Torques 

15 4.8 ± 3.0 (A) 4.8 ± 2.4 (A) 15.6 ± 7.1 (I) 16.0 ± 8.4 (I) 

30 6.5 ± 3.0 (A) 6.7 ± 2.4 (A) 19.1 ± 7.2 (I) 19.4 ± 8.1 (I) 

Abbreviations: A, anterior translation; AP, anterior-posterior translation; DB, double-bundle ACL reconstruction; E, external rotation; I, internal rotation; IE, 
internal-external rotation; NI, no information available; P, posterior translation; SB, single-bundle ACL reconstruction. *P < .05, significantly different from single-
bundle reconstruction. †Double-bundle data are from protocol “DB1.” 
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Discussion 

This study was undertaken to investigate whether there is a consensus on the 
superiority of one reconstruction technique over the other among the 
biomechanical studies that compared the knee joint laxities after single- and 
double-bundle ACL reconstructions. Meta-analysis of the 10 included studies that 
reported anteroposterior laxity showed no significant difference between the two 
treatment options for ACL injury at 0°, 30°, 60°, and 90° of flexion. With regard to 
rotatory knee laxity, double-bundle ACL reconstruction was reported to provide 
greater rotational stability than single-bundle ACL reconstruction in 4 of the 
included studies,11,26,27,31 and the remaining 5 studies could not find any significant 
advantage of one reconstruction technique over the other.22,25,28,30,36 

Our meta-analysis showed an overall mean difference between the two 
reconstructions ranging from 0.07 to 0.99 mm at 90° and 0° of flexion, 
respectively, with no statistically significant difference between them. Consistent 
with these findings, recently a meta-analysis of clinical outcomes found that 
double-bundle ACL reconstruction resulted in anterior stability closer to the intact 
knee by 0.52 mm compared with single-bundle ACL reconstruction.13 Although 
such differences in biomechanical outcomes may have some clinical implications, 
currently the ability to detect these narrow differences accurately and reliably in 
clinical setting is limited. There is a strong need for development of new tools that 
could accurately and reliably provide quantitative data in a clinical setting.  

One of the main rationales for the introduction of double-bundle ACL 
reconstruction was to address the persistent rotational instability of the knee after 
conventional surgical interventions.42 Currently, the primary evaluation of 
rotational stability in clinical setting is performed by pivot-shift examination. 
However, this physical examination has been criticized as being highly subjective 
in nature.17,43 

Several confounding factors such as concomitant soft-tissue injuries, amount of 
force used for the maneuver, and patient guarding have been identified as hindering 
an accurate assessment of rotational stability with the pivot-shift examination.43 
Furthermore, this examination is reported to have a high specificity (98%) but a 
low sensitivity (24%)1 and is prone to false-positive results because of joint laxity 
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in the absence of trauma.43 Even among the biomechanical studies that evaluated 
rotational laxities, we noticed large variations in experimental designs and reported 
measurements. For example, various loading conditions such as manual 
internal/external torques, 10–Nm/5–Nm internal/external torques and combined 
valgus moment with iliotibial band force have been used by different authors and 
they reported rotational laxity in terms of translations (anterior or anterior-
posterior), rotations (internal or external or internal-external) or both. Because of 
these variations, we were unable to perform a meta-analysis on rotational joint 
laxity. 

A recent meta-analysis of clinical outcome studies could not find any statistically 
significant difference in the pivot-shift results between the 2 reconstruction 
techniques.13 Although 4 of the 9 biomechanical studies that reported rotational 
laxities found that a double-bundle ACL reconstruction could resist rotational loads 
better than a single-bundle ACL reconstruction, it is not feasible to draw any 
unbiased conclusions on the rotational stability provided by these 2 reconstruction 
techniques, given the large variations that we observed between the studies. Kocher 
et al.44 found that the pivot-shift examination provides a better indication of 
patients’ functional outcomes than the instrumented knee laxity or Lachman 
examination. Recently, a few authors have proposed innovative methods using 
open magnetic resonance imaging, computer navigation systems, and 
electromagnetic devices to quantitatively measure the rotational stability in a 
clinical setting.17,19,45 More emphasis needs to be placed on evaluating the 
applicability of such techniques as clinical tools to measure rotational stability 
quantitatively. 

This study has certain limitations. We were unable to perform a quantitative meta-
analysis of the rotational laxities among the biomechanical studies. Although such 
an analysis could potentially answer the important question of whether double-
bundle ACL reconstruction can restore rotational stability better than single-bundle 
ACL reconstruction, more investigations with a standardized measure are needed 
to better answer such a question. Because this is an analysis of only biomechanical 
studies, which represent measurements at time zero, we cannot speculate on how 
the differences observed between the 2 techniques in this analysis translate in a 
clinical setting, or hold up over time. Results of the meta-analysis are based on a 
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relatively small sample size, especially at 0° flexion. However, most studies 
included in the analysis at this angle had a repeated-measures design, which has 
high precision even with a small sample size compared with an independent-group 
design. Finally, we did not take into account the various parameters of the 
reconstructions such as the graft fixation method, graft fixation angle, and initial 
graft tensions, because standards for these parameters are yet to be established. 

More randomized controlled trials with accurate measurements of outcomes need 
to be conducted, which can play a significant role in confirming or refuting the 
superiority of a particular reconstruction over another. We hope that the readers of 
this article understand and appreciate the importance of the confounding factors 
and exercise greater caution while interpreting published results of laboratory 
studies before they form the basis for any crucial clinical practice. Finally, it is 
imperative to emphasize the need for developing new tools that can accurately and 
reliably quantify clinical outcomes in conjunction with the current trend of 
proposing new surgical techniques. 

Conclusion 

Both single- and double-bundle treatment options for ACL injury result in similar 
anteroposterior knee joint laxity at time zero. No conclusive evidence on the 
superiority of one reconstruction technique over the other in terms of rotation laxity 
can be obtained, because of several variations in the experimental protocol and the 
kinematics used to measure rotational laxity in the published literature.  

Appendix 

Among the 10 studies included in the meta-analysis,11,24-32 four had a paired study 
design, where the efficacy of each treatment was investigated by using a robotic 
testing system in the same specimen.24,26-28 Paired analysis results for 3 of the 4 
studies that used a paired design were not available. The standard deviation of the 
mean difference between the 2 treatments for these 3 studies was estimated by 
imputing the correlation coefficients (0.53, 0.38, 0.70, and 0.77 for 0°, 30°, 60°, 
and 90° of flexion, respectively) from the study by Seon et al.27 A detailed 
description of the imputation procedure is given in the Cochrane Handbook for 
Systematic Reviews of Interventions.46  



Single- Versus Double-Bundle Meta-Analysis 

35 

When all the included studies were analyzed together, the overall mean differences 
calculated by random effects model in anteroposterior laxity, between single- and 
double-bundle ACL reconstruction techniques were 1.11 mm (95% CI, -0.08 to 
2.30), 0.48 mm (95% CI, -0.31 to 1.27), 0.65 mm (95% CI, 0.15 to 1.15), and 0.40 
mm (95% CI, -0.29 to 1.08) at 0°, 30°, 60°, and 90° of flexion, respectively. These 
differences were not statistically significant except at 60° of flexion. These results 
of the meta-analysis for 0°, 30°, 60°, and 90° of flexion are presented in Appendix 
Figs 1, 2, 3, and 4, respectively. 
 

Appendix Figure 1. Forest plot of anterior/anteroposterior laxities of single-bundle (SB) 
and double-bundle (DB) ACL reconstructions at 0° of flexion. 

 

Appendix Figure 2. Forest plot of anterior/anteroposterior laxities of single-bundle (SB) 
and double-bundle (DB) ACL reconstructions at 30° of flexion. 
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Appendix Figure 3. Forest plot of anterior/anteroposterior laxities of single-bundle (SB) 
and double-bundle (DB) ACL reconstructions at 60° of flexion. 

 

Appendix Figure 4. Forest plot of anterior/anteroposterior laxities of single-bundle (SB) 
and double-bundle (DB) ACL reconstructions at 90° of flexion. 
 

Acknowledgment 

The authors thank Samuel K. Van De Velde for his technical assistance. 

References 
 

1. Spindler KP, Wright RW. Clinical practice. Anterior cruciate ligament tear. 
N Engl J Med 2008; 359:2135-2142. 

2. Biau DJ, Tournoux C, Katsahian S, Schranz P, Nizard R. ACL 
reconstruction: A meta-analysis of functional scores. Clin Orthop Relat 
Res 2007; 458:180-187. 

3. Liden M, Sernert N, Rostgard-Christensen L, Kartus C, Ejerhed L. 
Osteoarthritic changes after anterior cruciate ligament reconstruction using 
bone-patellar tendon-bone or hamstring tendon autografts: A retrospective, 



Single- Versus Double-Bundle Meta-Analysis 

37 

7-year radiographic and clinical follow-up study. Arthroscopy 2008; 
24:899-908. 

4. van der Hart CP, van den Bekerom MP, Patt TW. The occurrence of 
osteoarthritis at a minimum of ten years after reconstruction of the anterior 
cruciate ligament. J Orthop Surg 2008; 3:24. 

5. Chouliaras V, Ristanis S, Moraiti C, Stergiou N, Georgoulis AD. 
Effectiveness of reconstruction of the anterior cruciate ligament with 
quadrupled hamstrings and bone-patellar tendon-bone autografts: An in 
vivo study comparing tibial internal-external rotation. Am J Sports Med 
2007; 35:189-196. 

6. Ristanis S, Stergiou N, Patras K, Tsepis E, Moraiti C, Georgoulis AD. 
Follow-up evaluation 2 years after ACL reconstruction with bone-patellar 
tendon-bone graft shows that excessive tibial rotation persists. Clin J Sport 
Med 2006; 16:111-116. 

7. Woo SL, Kanamori A, Zeminski J, Yagi M, Papageorgiou C, Fu FH. The 
effectiveness of reconstruction of the anterior cruciate ligament with 
hamstrings and patellar tendon. A cadaveric study comparing anterior tibial 
and rotational loads. J Bone Joint Surg Am 2002; 84:907-914. 

8. Stergiou N, Ristanis S, Moraiti C, Georgoulis AD. Tibial rotation in 
anterior cruciate ligament (ACL)-deficient and ACL-reconstructed knees: 
A theoretical proposition for the development of osteoarthritis. Sports Med 
2007; 37:601-613. 

9. Radford WJ, Amis AA. Biomechanics of a double prosthetic ligament in 
the anterior cruciate deficient knee. J Bone Joint Surg Br 1990; 72:1038-
1043. 

10. Crawford C, Nyland J, Landes S, et al. Anatomic double bundle ACL 
reconstruction: A literature review. Knee Surg Sports Traumatol Arthrosc 
2007; 15:946-964. 

11. Song EK, Oh LS, Gill TJ, Li G, Gadikota HR, Seon JK. Prospective 
comparative study of anterior cruciate ligament reconstruction using the 
double-bundle and single-bundle techniques. Am J Sports Med 
2009;37:1705-1711. 



Chapter 2 

38 

12. Tsuda E, Ishibashi Y, Fukuda A, Tsukada H, Toh S. Comparable results 
between lateralized single- and double-bundle ACL reconstructions. Clin 
Orthop Relat Res 2009; 467: 1042-1055. 

13. Meredick RB, Vance KJ, Appleby D, Lubowitz JH. Outcome of single-
bundle versus double-bundle reconstruction of the anterior cruciate 
ligament: A meta-analysis. Am J Sports Med 2008; 36:1414-1421. 

14. Irrgang JJ, Bost JE, Fu FH. Re: Outcome of single-bundle versus double-
bundle reconstruction of the anterior cruciate ligament: A meta-analysis. 
Am J Sports Med 2009; 37:421-422; author reply 2 (letter). 

15. Pugh L, Mascarenhas R, Arneja S, Chin PY, Leith JM. Current concepts in 
instrumented knee-laxity testing. Am J Sports Med 2009; 37:199-210. 

16. Wiertsema SH, van Hooff HJ, Migchelsen LA, Steultjens MP. Reliability 
of the KT1000 arthrometer and the Lachman test in patients with an ACL 
rupture. Knee 2008; 15:107-110. 

17. Kubo S, Muratsu H, Yoshiya S, Mizuno K, Kurosaka M. Reliability and 
usefulness of a new in vivo measurement system of the pivot shift. Clin 
Orthop Relat Res 2007; 454:54-58. 

18. Jakob RP, Staubli HU, Deland JT. Grading the pivot shift. Objective tests 
with implications for treatment. J Bone Joint Surg Br 1987; 69:294-299. 

19. Lane CG, Warren RF, Stanford FC, Kendoff D, Pearle AD. In vivo 
analysis of the pivot shift phenomenon during computer navigated ACL 
reconstruction. Knee Surg Sports Traumatol Arthrosc 2008; 16:487-492. 

20. Fujie H, Mabuchi K, Woo SL, Livesay GA, Arai S, Tsukamoto Y. The use 
of robotics technology to study human joint kinematics: A new 
methodology. J Biomech Eng 1993; 115:211-217. 

21. Yoo JD, Papannagari R, Park SE, DeFrate LE, Gill TJ, Li G. The effect of 
anterior cruciate ligament reconstruction on knee joint kinematics under 
simulated muscle loads. Am J Sports Med 2005; 33:240-246. 

22. Markolf KL, Park S, Jackson SR, McAllister DR. Anteriorposterior and 
rotatory stability of single- and double-bundle anterior cruciate ligament 
reconstructions. J Bone Joint Surg Am 2009; 91:107-118. 

23. Sasaki SU, Mota e Albuquerque RF, Pereira CA, Gouveia GS, Vilela JC, 
Alcaras-Fde L. An ex vivo biomechanical comparison of anterior cruciate 



Single- Versus Double-Bundle Meta-Analysis 

39 

ligament reconstruction: Single bundle versus anatomical double bundle 
techniques. Clinics (Sao Paulo) 2008; 63:71-76. 

24. Mae T, Shino K, Miyama T, et al. Single-versus two-femoral socket 
anterior cruciate ligament reconstruction technique: Biomechanical 
analysis using a robotic simulator. Arthroscopy 2001; 17:708-716. 

25. Ho JY, Gardiner A, Shah V, Steiner ME. Equal kinematics between central 
anatomic single-bundle and double-bundle anterior cruciate ligament 
reconstructions. Arthroscopy 2009; 25:464-472. 

26. Yagi M, Wong EK, Kanamori A, Debski RE, Fu FH, Woo SL. 
Biomechanical analysis of an anatomic anterior cruciate ligament 
reconstruction. Am J Sports Med 2002; 30:660-666. 

27. Seon JK, Gadikota HR, Wu JL, Sutton KM, Gill TJ, Li G. Comparison of 
single- and double-bundle anterior cruciate ligament reconstructions in 
restoration of knee kinematics and anterior cruciate ligament forces. Am J 
Sports Med 2010; 38:1359-1367. 

28. Yamamoto Y, Hsu WH, Woo SL, Van Scyoc AH, Takakura Y, Debski RE. 
Knee stability and graft function after anterior cruciate ligament 
reconstruction: A comparison of a lateral and an anatomical femoral tunnel 
placement. Am J Sports Med 2004; 32:1825-1832. 

29. Albuquerque RF, Sasaki SU, Amatuzzi MM, Angelini FJ. Anterior cruciate 
ligament reconstruction with double bundle versus single bundle: 
Experimental study. Clinics (Sao Paulo) 2007; 62:335-344. 

30. Ferretti A, Monaco E, Labianca L, Conteduca F, De Carli A. Double-
bundle anterior cruciate ligament reconstruction: A computer-assisted 
orthopaedic surgery study. Am J Sports Med 2008; 36:760-766. 

31. Hofbauer M, Valentin P, Kdolsky R, et al. Rotational and translational 
laxity after computer-navigated single- and double-bundle anterior cruciate 
ligament reconstruction. Knee Surg Sports Traumatol Arthrosc 2010; 
18:1201-1207. 

32. Sbihi A, Franceschi JP, Christel P, Colombet P, Djian P, Bellier G. 
Anterior cruciate ligament reconstruction: Biomechanical comparison on 
cadaver specimens using a single or double hamstring technique. Rev Chir 
Orthop Reparatrice Appar Mot 2004; 90:643-650 (in French). 



Chapter 2 

40 

33. Review Manager (RevMan) [computer program]. Version 5.0. 
Copenhagen: The Nordic Cochrane Centre TCC, 2008. 

34. Ishibashi Y, Tsuda E, Fukuda A, Tsukada H, Toh S. Intraoperative 
biomechanical evaluation of anatomic anterior cruciate ligament 
reconstruction using a navigation system: Comparison of hamstring tendon 
and bone-patellar tendon-bone graft. Am J Sports Med 2008; 36:1903-
1912. 

35. Ishibashi Y, Tsuda E, Fukuda A, Tsukada H, Toh S. Stability evaluation of 
single-bundle and double-bundle reconstruction during navigated ACL 
reconstruction. Sports Med Arthrosc 2008; 16:77-83. 

36. Markolf KL, Park S, Jackson SR, McAllister DR. Simulated pivot-shift 
testing with single and double-bundle anterior cruciate ligament 
reconstructions. J Bone Joint Surg Am 2008; 90:1681-1689. 

37. Radford WJ, Amis AA, Kempson SA, Stead AC, Camburn M. A 
comparative study of single- and double-bundle ACL reconstructions in 
sheep. Knee Surg Sports Traumatol Arthrosc 1994;2:94-99. 

38. Seon JK, Park SJ, Lee KB, Yoon TR, Seo HY, Song EK. Stability 
comparison of anterior cruciate ligament between double- and single-
bundle reconstructions. Int Orthop 2009; 33:425-429. 

39. Kanaya A, Ochi M, Deie M, Adachi N, Nishimori M, Nakamae A. 
Intraoperative evaluation of anteroposterior and rotational stabilities in 
anterior cruciate ligament reconstruction: Lower femoral tunnel placed 
single-bundle versus double-bundle reconstruction. Knee Surg Sports 
Traumatol Arthrosc 2009; 17:907-913. 

40. Monaco E, Labianca L, Conteduca F, De Carli A, Ferretti A. Double 
bundle or single bundle plus extraarticular tenodesis in ACL 
reconstruction? A CAOS study. Knee Surg Sports Traumatol Arthrosc 
2007; 15:1168-1174. 

41. Tsai AG, Wijdicks CA, Walsh MP, Laprade RF. Comparative kinematic 
evaluation of all-inside single-bundle and doublebundle anterior cruciate 
ligament reconstruction: A biomechanical study. Am J Sports Med 2010; 
38:263-272. 



Single- Versus Double-Bundle Meta-Analysis 

41 

42. Steckel H, Starman JS, Baums MH, Klinger HM, Schultz W, Fu FH. The 
double-bundle technique for anterior cruciate ligament reconstruction: A 
systematic overview. Scand J Med Sci Sports 2007; 17:99-108. 

43. Lane CG, Warren R, Pearle AD. The pivot shift. J Am Acad Orthop Surg 
2008;16:679-688. 

44. Kocher MS, Steadman JR, Briggs KK, Sterett WI, Hawkins RJ. 
Relationships between objective assessment of ligament stability and 
subjective assessment of symptoms and function after anterior cruciate 
ligament reconstruction. Am J Sports Med 2004; 32:629-634. 

45. Tashiro Y, Okazaki K, Miura H, et al. Quantitative assessment of rotatory 
instability after anterior cruciate ligament reconstruction. Am J Sports Med 
2009; 37:909-916. 

46. Higgins JPT, Deeks JJ, Altman DG, eds. Special topics in statistics. In: 
Higgins JPT, Green S, eds. Cochrane handbook for systematic reviews of 
interventions. Chichester, England: John Wiley & Sons, 2008:481-529. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
 



 

 

Chapter 3 
 

Biomechanical Comparison of 
Single-Tunnel–Double-Bundle and 

Single-Bundle Anterior Cruciate 
Ligament Reconstructions 

 
Hemanth R. Gadikota, Jong Keun Seon, Michal 

Kozanek, Luke S. Oh, Thomas J. Gill, Kenneth D. 
Montgomery, and Guoan Li 

Am J Sports Med. 2009 May;37(5):962-9. 



Chapter 3 
	  

	  44 

Abstract 

Background: Anatomic double-bundle reconstruction has been thought to better 
simulate the anterior cruciate ligament anatomy. It is, however, a technically 
challenging procedure, associated with longer operation time and higher cost. 

Hypothesis: Double-bundle anterior cruciate ligament reconstruction using a single 
femoral and tibial tunnel can closely reproduce intact knee kinematics.  

Methods: Eight fresh-frozen human cadaveric knee specimens were tested using a 
robotic testing system to investigate the kinematic response of the knee joint under 
an anterior tibial load (130 N), simulated quadriceps load (400 N), and combined 
torques (5 N·m valgus and 5 N·m internal tibial torques) at 0°, 15°, 30°, 60°, and 
90° of flexion. Each knee was tested sequentially under 4 conditions: (1) anterior 
cruciate ligament intact, (2) anterior cruciate ligament deficient, (3) single-bundle 
anterior cruciate ligament reconstruction using quadrupled hamstring tendon, and 
(4) single-tunnel–double-bundle anterior cruciate ligament reconstruction using the 
same tunnels and quadrupled hamstring tendon graft as in the single-bundle 
anterior cruciate ligament reconstruction.  

Results: Single-tunnel–double-bundle anterior cruciate ligament reconstruction 
more closely restored the intact knee kinematics than single-bundle anterior 
cruciate ligament reconstruction at low flexion angles (≤30°) under the anterior 
tibial load and simulated muscle load (P < .05). However, single-tunnel–double-
bundle anterior cruciate ligament reconstruction overconstrained the knee joint at 
high flexion angles (≥60°) under the anterior tibial load and at 0° and 30° of flexion 
under combined torques.  

Conclusion: This double-bundle anterior cruciate ligament reconstruction using a 
single tunnel can better restore anterior tibial translations to the intact level 
compared with single-bundle anterior cruciate ligament reconstruction at low 
flexion angles, but it overconstrained the knee joint at high flexion angles.  

Clinical Relevance: This technique could be an alternative for both single-bundle 
and double-tunnel–double-bundle anterior cruciate ligament reconstructions to 
reproduce intact knee kinematics and native anterior cruciate ligament anatomy. 

 



Single-Tunnel–Double-Bundle Versus Single-Bundle 

45 

Introduction 

Many clinical outcome studies have demonstrated satisfactory stability of the knee 
joint after a single-bundle anterior cruciate ligament (ACL) reconstruction.7,29,35 
However, long-term clinical studies have reported a high incidence of osteoarthritis 
and knee pain in the ACL-reconstructed knee.3,7,17,18,30,33 Several prospective 
studies have reported no differences in the rate of osteoarthritis between patients 
treated operatively or nonoperatively.12,24,41 Improving ACL reconstruction 
techniques that may restore normal knee kinematics and prevent joint degeneration 
remains a subject of continuing debate in sports medicine research. 

Double-bundle ACL reconstruction was introduced to reconstruct the 2 functional 
bundles (anteromedial [AM] and posterolateral [PL]) of the ACL.10,45 The 2 
functional bundles were reconstructed by creating different numbers of femoral and 
tibial tunnels (2 tibial/2 femoral, 2 tibial/1 femoral, 1 tibial/2 femoral, and 1 tibial/1 
femoral).11,25,31,32,45,46 There are clinical and biomechanical studies that have 
reported that double-bundle ACL reconstruction restores knee joint stability more 
closely to the intact level than single-bundle ACL reconstruction.13,26,27,37,43,44,46 On 
the contrary, there are also clinical and biomechanical studies showing no 
significant advantage of double-bundle ACL reconstruction over conventional 
single-bundle ACL reconstruction.2, 5, 8, 15, 16, 25, 27, 34, 38, 46  Several factors, such as 
the tunnel position for single-bundle and double-bundle ACL reconstruction 
techniques, initial graft tension, angle of graft fixation, fixation devices, and 
clinical examinations, may have contributed to the discrepancies found in these 
studies that compared single-bundle and double-bundle ACL reconstruction 
techniques. Accepted standards for these factors are yet to be established. There is 
no consensus in the literature showing a significant advantage of the double-bundle 
ACL reconstruction over the single-bundle ACL reconstruction. 

Recently, a few authors have proposed surgical techniques to reconstruct both the 
functional bundles using a single femoral and tibial tunnel.11,36,39 Using these 
techniques, the ACL reconstruction could reproduce the 2 functional bundles by 
separating the bundles in a single femoral and tibial tunnel. Furthermore, such a 
reconstruction adheres to a more familiar tunnel placement than a technically 
challenging double-tunnel ACL reconstruction. To our knowledge, there are no 
biomechanical studies that have investigated the kinematics of a double-bundle 
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ACL-reconstructed knee using a single tunnel. The purpose of this study was to 
quantitatively measure the kinematics of the knee joint under 3 external loading 
conditions after single-tunnel–double-bundle ACL reconstruction and to compare 
these kinematics with those obtained after a single-bundle ACL reconstruction 
using a robotic testing system. We hypothesized that single-tunnel–double-bundle 
ACL reconstruction can restore the anterior-posterior and rotational stabilities to 
the intact level more closely than the single-bundle ACL reconstruction. 

Methods 

Eight fresh-frozen human cadaveric knee specimens (age range, 59-64 years) were 
used in this study. Fluoroscopy and manual stability tests were performed to 
examine the specimens for osteoarthritis and ACL injuries. If the specimen had 
either of these conditions, they were eliminated from the study. Each specimen was 
thawed at room temperature for 24 hours before the testing. The femur and the tibia 
were truncated approximately 25 cm from the joint line without damaging the soft 
tissues around the knee. The fibula was fixed in its anatomic position to the tibia by 
using a bone screw. The musculature around the shafts of the femur and tibia was 
removed to facilitate the installation of the specimen on the robotic testing system. 

The robotic testing system consists of a robotic manipulator (Kawasaki UZ150, 
Kawasaki Robotics USA Inc, Wixom, Michigan) and a 6-degrees-of-freedom load 
cell (JR3 Inc, Woodland, California). This system can be used to study the 
biomechanics of the knee joint. Several studies have been published to describe the 
operation of this robotic testing system.21-23,47 To simulate muscle function, 
quadriceps muscles were sutured to a rope that was passed through a pulley system 
on the femoral clamp. Quadriceps muscle loading was simulated by hanging 
weights on the free end of the ropes. Each specimen was manually flexed 10 times, 
from full extension to full flexion, to precondition the specimen before it was 
installed on the robotic testing system.  

After the specimen was installed on the robotic testing system, the robotic testing 
system was used to determine a passive flexion path in the unloaded knee. The 
passive flexion path was determined by finding the passive positions from full 
extension to 90° of flexion in 1° increments. The passive position is described as a 
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position of the knee at which all resultant forces and moments at the knee center 
were minimal (<5 N and <0.5 N·m, respectively). 

In this study, each knee was tested under 3 different external loading conditions 
(anterior tibial load [130 N], simulated quadriceps load [400 N], and combined 
torques [5 N·m valgus and 5 N·m internal tibial torques]) at selected flexion angles 
of 0°, 15°, 30°, 60°, and 90° along the passive path. The anterior tibial load was 
used to simulate clinical examinations such as Lachman and anterior drawer tests. 
The quadriceps load (applied parallel to the femoral shaft) was used to simulate an 
isometric extension of the knee. The knees were also subjected to combined 
torques (5 N·m valgus and 5 N·m internal tibial torques) at 0° and 30° of knee 
flexion. Under each load, the robotic system manipulated the knee joint in 5-
degrees-of-freedom until the applied load was balanced by the knee at a selected 
flexion angle. This position of the knee represents the kinematic response of the 
knee to the applied load. In this article, anterior-posterior tibial translations and 
internal-external tibial rotations of the knee are reported under each external 
loading condition mentioned above at all selected flexion angles. 

After the knee was tested in the intact condition, it was tested in 3 different 
conditions sequentially. First, the ACL was resected through a small medial 
arthrotomy with the knee flexed to 30° to simulate an ACL-deficient knee 
condition. The arthrotomy and skin were then repaired in layers by sutures. The 
ACL-deficient knee kinematics were determined under the same external loading 
conditions used for the intact knee. Second, single-bundle ACL reconstruction 
(Figure 1A) was then performed using a quadrupled hamstring (semitendinosus and 
gracilis tendons) graft. Single-bundle ACL-reconstructed knee kinematics were 
determined under 3 external loading conditions. Finally, single-tunnel–double-
bundle ACL reconstruction (Figure 1B) was then performed using the same 
quadrupled hamstring (semitendinosus and gracilis tendons) graft and tunnels that 
were used for single-bundle ACL reconstruction. The kinematic responses of 
single-tunnel–double-bundle ACL-reconstructed knee under the 3 external loading 
conditions were determined. 

For testing the knee under the 4 different conditions (intact, ACL-deficient, single-
bundle ACL-reconstructed, and single-tunnel–double-bundle ACL-reconstructed), 
the passive path determined under the intact knee condition was used as the 
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reference position to measure knee kinematics in response to external loads. This 
procedure eliminated any variability in the starting positions before external loads 
were applied and facilitated a repeated-measures analysis of the data.  

Surgical Techniques  

Single-Bundle ACL Reconstruction. The surgery was performed with the specimen 
installed on the robotic system. All surgeries were performed by a single surgeon. 
The surgery began by harvesting semitendinosus and gracilis tendons used as graft 
material for both ACL reconstructions. The tibial tunnel was reamed through the 
anteromedial surface of the tibia at the level of the tibial tubercle, passing through 
the landmarks of the center of ACL remnant. A Kirschner wire was inserted 
through the tibial tunnel, aimed at 2-or 10-o’clock position and 7 mm anterior from 
the posterior bony edge of the intercondylar wall of the femur. The femoral tunnel 
was reamed through the tibial tunnel with the knee flexed to 90° using a 4.5 mm 
diameter EndoButton drill (Smith & Nephew Endoscopy, Andover, Massachusetts) 
to the lateral cortex of the distal femur. A final 35 mm long femoral socket was 
then created by a cannulated reamer that matched the prepared graft diameter (8-
8.5 mm). For the single-bundle ACL reconstruction, graft was passed though the 
tibial tunnel into the joint and finally through the femoral socket and was secured 
with an EndoButton CL (Smith & Nephew Endoscopy). The tibia was then loaded 
posteriorly with a 40-N load at 0° and the graft was secured at the tibial end by a 
metallic interference screw (Arthrex, Naples, Florida) with 40-N of axial graft 
tension. The arthrotomy and skin were repaired using sutures. 

Single-Tunnel–Double-Bundle ACL Reconstruction. The femoral and tibial tunnels 
used for single-bundle ACL reconstruction were dilated to 10 mm and were reused 
for single-tunnel–double-bundle ACL reconstruction. The graft used in single-
bundle ACL reconstruction was reused for the single-tunnel–double-bundle ACL 
reconstruction. If there was any significant damage noticed to the graft after the 
single-bundle ACL reconstruction, the specimen was excluded from the study. The 
semitendinosus tendon and the gracilis tendon were passed through the AperFix 
femoral implant (Cayenne Medical, Scottsdale, Arizona) separately (Figure 1B) 
and looped to form 4 strands. Two strands of the semitendinosus tendon were used 
to represent the AM bundle, while the 2 gracilis tendon strands represented the PL 
bundle.  
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Figure 1. Schematic 
representation of single-
bundle (A) and single-
tunnel–double-bundle (B) 
ACL reconstructions. AMB, 
anteromedial bundle; PLB, 
posterolateral bundle. 

 

The design of the AperFix femoral implant facilitates separation of AM and PL 
bundles (Figure 2A). This implant was passed through the tibial tunnel into the 
femoral tunnel and deployed in standard fashion. Before deployment, the 2 bundles 
were positioned inside the femoral tunnel in the native ACL bundle positions. After 
the graft was secured at the femoral end, the distal end was rotated by 90° in a 
clockwise direction for the left knee (counterclockwise for the right knee), giving 
rise to the AM and PL bundles (Figure 2B). The AperFix tibial implant (Figure 1B) 
was used to fix the tibial end of the graft at the same knee position and posterior 
load as used for the single-bundle ACL reconstruction. A 40-N graft tension was 
simultaneously applied to the 2 bundles during the graft fixation. 

 

Figure 2. Schematic 
illustration of the femoral 
implant and the separation 
of the 2 bundles in the 
femoral tunnel (A) and the 
tibial implant and the 
separation of the 2 bundles 
in the tibial tunnel (B). 
AMB, anteromedial bundle; 
PLB, posterolateral bundle. 
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Data Analysis  

The study was designed to evaluate the kinematic (anterior tibial translation and 
internal tibial rotation) response of the same knee under 4 different conditions 
(ACL intact, ACL deficient, single-bundle ACL reconstructed, and single-tunnel–
double-bundle ACL reconstructed). This facilitated a within-subjects analysis of 
knee kinematics. Repeated-measures analysis of variance was used to detect 
statistically significant differences in kinematics of the knee under 4 different 
conditions. If significant differences were detected, post hoc comparisons were 
made among the 4 groups using the Student-Newman-Keuls test. Differences were 
considered statistically significant at P < .05. 

Results 

Kinematic Response Under Anterior Tibial Load (130 N)  

Under the anterior tibial load, the largest anterior tibial translations of the ACL-
intact knee were observed at 15° and 30° of flexion as 7.4 ± 0.8 mm and 7.8 ± 1.2 
mm, respectively (Figure 3). After the ACL was resected, the anterior tibial 
translations of the knee increased by 157.6% and by 162.9% at 15° and 30° of 
flexion, respectively, compared with the intact knee. The anterior tibial translations 
of ACL-deficient knee were significantly greater than ACL-intact knee at all 
flexion angles (P < .05). The anterior tibial translations after single-bundle ACL 
reconstruction were greater than the intact knee by 22.9% at 15° and by 20.1% at 
30° of flexion. These translations for single-bundle ACL reconstruction were 
significantly greater than those of the ACL-intact knee at 15° and 30° of flexion (P 
< .05). No significant differences were observed between the intact knee and 
single-bundle ACL reconstruction at 0°, 60°, and 90° of flexion (P > .05). Anterior 
tibial translations of the ACL-intact knee were closely reproduced after single-
tunnel–double-bundle ACL reconstruction at 0°, 15° and 30° of flexion (P > .05). 
Anterior tibial translations of single-tunnel–double-bundle ACL reconstruction 
were significantly lower than the intact knee by 33.67% and by 50.0% at 60° and 
90° of flexion (P < .05). Anterior tibial translations for single-tunnel–double-
bundle ACL reconstruction were significantly lower than single-bundle ACL 
reconstruction at 15°, 30°, 60°, and 90° of flexion (P < .05). 
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Figure 3. Anterior tibial 
translation under anterior tibial 
load in the 4 different knee 
conditions. Anterior tibial 
translations of the ACL-
deficient knee were 
significantly different from the 
intact, single-bundle ACL-
reconstructed, and single-
tunnel–double-bundle ACL-
reconstructed knee at all flexion 
angles. Error bars represent 
standard deviation. *P < .05. 
Recon, reconstruction. 

 

Kinematic Response Under Simulated Quadriceps Load (400 N)  

In response to quadriceps load, anterior tibial translations of ACL-intact knee were 
4.9 ± 0.8 mm at 15° and 5.1 ± 1.1 mm at 30° of flexion (Figure 4). Anterior tibial 
translations of ACL-deficient knee increased by 91.4% at 15° and by 88.8% at 30° 
of flexion compared with intact knee. At 0°, 15°, and 30° of flexion, anterior tibial 
translations of the ACL-deficient knee were significantly greater than ACL-intact 
knee (P < .05). After single-bundle ACL reconstruction, anterior tibial translations 
were significantly greater than the intact knee by 35.3% and by 23.7% at 15° and 
30° of flexion (P < .05).  

Figure 4. Tibial translation 
under quadriceps load in the 4 
different knee conditions. Tibial 
translations of the ACL-
deficient knee were 
significantly different from the 
intact, single-bundle ACL-
reconstructed and the single-
tunnel–double-bundle ACL-
reconstructed knee at all flexion 
angles. (+) Anterior tibial 
translation; (–) posterior tibial 
translation; *P < .05. Error bars 
represent standard deviation. 
Recon, reconstruction. 
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The tibia of the single-tunnel–double-bundle ACL-reconstructed knee translated 
3.4% less than the intact knee at 15° and 10.40% less than the intact knee at 30° of 
flexion. These translations after single-tunnel–double-bundle ACL reconstruction 
were statistically similar to ACL-intact knee at 0°, 15°, and 30° of flexion (P > 
.05). Anterior tibial translations for single-tunnel–double-bundle ACL reconstruc-
tion were significantly lower than those of the single-bundle ACL reconstruction at 
0°, 15°, 30°, and 60° of flexion (P < .05). Anterior tibial translations of both ACL 
reconstructions were significantly different from intact knee at 60° and 90° of 
flexion (P < .05). There were no significant differences (P > .05) in tibial rotations 
among the 4 different knee conditions at all flexion angles (Figure 5). 

 

 

 

Figure 5. Tibial rotations 
under simulated quadriceps 
load in the 4 different knee 
conditions. (+) Internal tibial 
rotations; (–) external tibial 
rotations. Error bars represent 
standard deviation. Recon, 
reconstruction. 

 

Kinematic Response Under Combined Torques (5 N·m Valgus and 5 N·m Internal 
Tibial Torques) 

In response to combined torques, tibia of the ACL-intact knee translated anteriorly 
by 1.3 ± 1.2 mm at 0° and 3.3 ± 1.6 mm at 30° of flexion. The anterior tibial 
translations of ACL-deficient knee were significantly increased, by 196.9% at 0° 
and by 58.2% at 30° of flexion, compared with ACL-intact knee (P < .05). The 
anterior tibial translations of single-bundle ACL-reconstructed knee were 33.9% 
and 22.2% greater than the intact knee at 0° and 30° of flexion, respectively. The 
anterior tibial translations of single-tunnel–double-bundle ACL reconstruction 
were significantly lower than those of the ACL-intact, ACL-deficient, and single-
bundle ACL-reconstructed knee at 0° and 30° of flexion (P < .05) (Table 1).  
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Table 1. Tibial translation (Mean ± Standard Deviation (mm)) Under Combined Torquesa 

Flexion 
Angle 

ACL 
Intact 

ACL 
Deficient 

Single Bundle ACL 
Reconstruction 

Single-Tunnel–Double-Bundle 
ACL Reconstruction 

0° 1.3 ± 1.2 3.8 ± 1.9b 1.7 ± 1.2cd -0.2 ± 1.4bc 
30° 3.3 ± 1.6 5.2 ± 2.2b 4.0 ± 2.1cd 2.1 ± 1.4bc 

a(+)Anterior translation; (–) posterior translation; ACL, anterior cruciate ligament. 
bP < .05; significantly different from ACL-intact knee. 
cP < .05; significantly different from ACL-deficient knee. 
dP < .05; significantly different from single-tunnel–double-bundle ACL reconstruction. 
 

The internal tibial rotations of the ACL-intact knee were not significantly different 
(P > .05) from both single-bundle and single-tunnel–double-bundle ACL-
reconstructed knee (Figure 6). 

 

 

 

 

Figure 6. Internal tibial 
rotations under combined 
torques in the 4 different knee 
conditions. Error bars represent 
standard deviation. *P < .05. 
Recon, reconstruction. 

 

 

Discussion 

Extensive biomechanical studies have been conducted to evaluate the efficiency of 
single- and double-bundle ACL reconstructions.34,40,42,44 In this study, we 
investigated the effectiveness of a single-tunnel–double-bundle ACL 
reconstruction technique that uses a single femoral and  tibial tunnel to restore the 
knee joint stability to the intact level by using a robotic testing system. Our results 
demonstrated that single-tunnel–double-bundle ACL reconstruction was able to 
closely restore intact knee kinematics under an anterior tibial load and simulated 



Chapter 3 

54 

quadriceps load at low flexion angles (≤30°), but overconstrained the knee joint at 
high flexion angles (≥60°) under anterior tibial load and under combined torques.  

We found that ACL deficiency resulted in increased anterior tibial translations 
compared with the ACL-intact knee at all flexion angles under the anterior tibial 
load and simulated quadriceps load. Single-bundle ACL reconstruction reduced 
these increased anterior tibial translations significantly but could not restore them 
to the intact level at low flexion angles. These results are consistent with previous 
biomechanical studies that used similar loading conditions.42,44,47  

The single-tunnel–double-bundle ACL reconstruction significantly reduced the 
anterior tibial translations of ACL-deficient knee at all flexion angles under 
anterior tibial load and simulated quadriceps load. No significant differences 
between the anterior tibial translations of single-tunnel–double-bundle ACL 
reconstruction and ACL-intact knee were observed at low flexion angles under 
both loading conditions. In a biomechanical study conducted by Yagi et al,44 it was 
reported that the anatomic double-tunnel–double-bundle ACL reconstruction 
resulted in significantly greater anterior tibial translations compared with ACL-
intact knee at full extension and 30° of flexion in response to an anterior tibial load 
of 134 N. In other biomechanical studies, Petersen et al32 and Zantop et al48 
reported no significant difference in anterior tibial translations between the ACL-
intact knee and anatomic double-tunnel–double-bundle ACL-reconstructed knee 
under the anterior tibial load of 134 N. Our results showed that single-tunnel–
double-bundle ACL reconstruction resulted in a slightly overconstrained knee at 
60° and 90° of flexion under anterior tibial load and simulated quadriceps load. 
However, the maximum difference in anterior tibial translation between ACL-
intact knee and single-tunnel–double-bundle ACL-reconstructed knee in response 
to the 2 loading conditions was less than 3 mm at high flexion angles (≥60°). These 
results suggest that this single-tunnel–double-bundle ACL reconstruction could 
produce clinically satisfactory anterior stability.  

The internal tibial rotations of single-bundle ACL-reconstructed and single-tunnel–
double-bundle ACL-reconstructed knee were decreased compared with intact knee, 
although no significant differences at all the selected flexion angles under 
simulated quadriceps load were observed (P > .05). Recently, Yoo et al47 reported 
significantly reduced internal tibial rotations after bone–patellar tendon–bone 
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reconstruction compared with intact knee at low flexion angles. These data indicate 
that ACL reconstruction might result in overconstrained tibial rotation. 

Previously, biomechanical studies have shown that single-bundle ACL 
reconstruction could not restore the anterior stability under combined torques (10 
N·m valgus torque and 5 N·m or 10 N·m internal tibial torque).42,44 In this study, 
anterior tibial translations under combined torques (5 N·m valgus and 5 N·m 
internal tibial torques) showed no significant difference between single-bundle 
ACL reconstruction and ACL intact knee at 0° and 30° of flexion, whereas, single-
tunnel–double-bundle ACL reconstruction resulted in an overconstrained knee at 
0° and 30° of flexion under the same loading condition. In a recent biomechanical 
study, Zantop et al48 reported no significant difference in anterior tibial translation 
between the ACL-intact and anatomic double-tunnel–double-bundle ACL-
reconstructed knee under combined torques, while other biomechanical studies 
showed that anatomic double-tunnel–double-bundle ACL reconstruction resulted in 
greater anterior tibial translations than the ACL-intact knee at low flexion angles 
(≤30°) under combined torques.32,44 This discrepancy in the anterior tibial transla-
tions under combined torques may be due to different loading conditions and 
surgical techniques used among these studies.  

No significant differences were observed in internal tibial rotations between ACL-
intact, single-bundle ACL-reconstructed, and single-tunnel–double-bundle ACL-
reconstructed knee in this study under combined torques. These results may 
suggest that combined internal and valgus torques is an inefficient loading 
condition for investigating the rotational stability in cadaveric specimens. 
Comprehensive loading conditions are required to truly assess the ability of ACL 
and ACL graft to restrain tibial rotations. 

It should be noted that, in this study, both ACL graft bundles were fixed at 0° with 
an axial graft tension of 40 N. This was done to simulate widely used operative 
procedures for single-bundle ACL reconstruction. However, the 2 bundles of ACL 
do not function in the same manner along the flexion path.6,14,19,20 To achieve the 
native tension pattern in AM and PL bundles along the flexion path of the knee, 
different tensioning strategies for the 2 graft bundles and the graft fixation angles 
may be needed, as practiced in various double-tunnel–double-bundle ACL 
reconstruction techniques.4,13,27,46 This study showed that single-tunnel–double-
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bundle ACL reconstruction resulted in an overconstrained knee at high flexion 
angles (≥60°). This may be because both the bundles were tensioned and fixed at 
0°, which may have resulted in overtightening of the AM bundle at high flexion 
angles. However, it is important to understand that these results represent the time-
zero responses of the knee joint. It is known that there is a significant decrease in 
the initial graft tension with cyclic loading after ACL reconstruction, which results 
in increased laxity of the knee joint.1,9,28 A long-term clinical follow-up study is 
required to truly assess the ability of this single-tunnel–double-bundle ACL 
reconstruction technique to restore the normal knee joint kinematics 
postoperatively. 

The single-tunnel–double-bundle ACL reconstruction technique introduced in this 
study has distinct differences compared with the double-tunnel–double-bundle 
ACL reconstruction. Although the double-tunnel–double-bundle ACL 
reconstruction technique is designed to reproduce the 2 functional bundles, it is a 
technically challenging procedure. The double-tunnel–double-bundle ACL 
reconstruction is also associated with an increase in the duration of surgery and 
higher cost as compared with the traditional single-bundle ACL 
reconstruction.11,16,34,45 In addition, the double-tunnel–double-bundle ACL 
reconstruction makes a revision surgery difficult. The single-tunnel–double-bundle 
technique introduced in this study is aimed to reproduce both the functional 
bundles of the ACL by creating a single femoral and tibial tunnel as opposed to 
creating 2 tunnels in the tibia and femur. The surgical procedure is more familiar to 
surgeons and a revision could be performed as performed for a single-bundle ACL 
reconstruction. However, the double-tunnel–double-bundle technique has the 
advantage of being able to tension the 2 graft bundles at different flexion angles 
while using different initial graft tensions, whereas in the single-tunnel–double-
bundle technique, these various combinations of graft bundle fixation angles and 
different graft bundle tensions are difficult to perform. The kinematic results 
observed from this study and the ease of the surgical procedure demonstrates that 
the single-tunnel–double-bundle technique maybe a potential alternative to single-
bundle and double-tunnel–double-bundle ACL reconstruction techniques. 

There are some limitations to the current study. The study was designed to 
investigate the combined effect of the 2 bundles and the fixation device in single-
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tunnel–double-bundle ACL reconstruction on the kinematics of knee joint. 
Therefore, the current data do not provide information on the amount of stability 
provided by the individual bundles of the reconstructed ACL. Because this was a 
cadaveric study, we cannot speculate on how much of the improvement in the 
kinematics observed in single-tunnel–double-bundle ACL reconstruction of this 
study would carry over to clinical outcomes. However, our design facilitated a con-
trolled repeated-measures analysis of kinematics using the same specimen under 
different loading conditions. The order for testing the 2 surgical techniques was not 
randomized because the single-tunnel–double-bundle ACL reconstruction required 
a larger femoral tunnel than that required for single-bundle ACL reconstruction. A 
7 mm offset aimer was used for both single-bundle and single-tunnel–double-
bundle ACL reconstructions. The femoral tunnel diameter for the single-bundle 
ACL reconstruction ranged from 8 to 8.5 mm. Hence, a 7 mm offset aimer might 
have influenced the kinematic outcomes of the single-bundle ACL reconstruction. 
These limitations indicate that a patient follow-up study might be necessary to 
further evaluate the efficacy of single-tunnel–double-bundle ACL reconstruction 
technique in restoration of normal knee kinematics and prevention of degenerative 
changes. 

Conclusion 

On the basis of this investigation, we conclude that single-tunnel–double-bundle 
ACL reconstruction is capable of restoring knee stability more closely to the ACL-
intact knee at low flexion angles (≤30°) compared with single-bundle ACL 
reconstruction. However, single-tunnel–double-bundle ACL reconstruction 
overconstrained the knee joint at high flexion angles (≥60°). Although we cannot 
speculate on how this overconstrained pattern may affect clinical outcomes, this 
technique is similar to the more familiar single-bundle ACL reconstruction and 
could be an alternative to the technically demanding double-tunnel–double-bundle 
ACL reconstruction. Clinical follow-up studies need to be performed in the future 
to analyze the potential benefits of single-tunnel–double-bundle ACL 
reconstruction. 
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Abstract 

Background: Anatomical reconstruction techniques that can restore normal joint 
kinematics without increasing surgical complications could potentially improve 
clinical outcomes and help manage anterior cruciate ligament injuries more 
efficiently.  

Hypothesis: Single-tunnel double-bundle anterior cruciate ligament reconstruction 
with anatomical placement of hamstring tendon graft can more closely restore 
normal knee anterior-posterior, medial-lateral, and internal-external kinematics 
than conventional single-bundle anterior cruciate ligament reconstruction.  

Methods: Kinematic responses after single-bundle anterior cruciate ligament 
reconstruction and single-tunnel double-bundle anterior cruciate ligament 
reconstruction with anatomical placement of hamstring tendon graft were 
compared with the intact knee in 9 fresh-frozen human cadaveric knee specimens 
using a robotic testing system. Kinematics of each knee were determined under an 
anterior tibial load (134 N), a simulated quadriceps load (400 N), and combined 
torques (10 N·m valgus and 5N·m internal tibial torques) at 0°,15°,30°,60°, and 
90° of flexion.  

Results: Anterior tibial translations were more closely restored to the intact knee 
level after single-tunnel double-bundle reconstruction with anatomical placement 
of hamstring tendon graft than with a single-bundle reconstruction under the 3 
external loading conditions. Under simulated quadriceps load, the mean internal 
tibial rotations after both reconstructions were lower than that of the anterior 
cruciate ligament–intact knee with no significant differences between these 3 knee 
conditions at 0° and 30° of flexion (P > .05).The increased medial tibial shifts of 
the anterior cruciate ligament–deficient knees were restored to the intact level by 
both reconstruction techniques under the 3 external loading conditions.  

Conclusion: Single-tunnel double-bundle anterior cruciate ligament reconstruction 
with anatomical placement of hamstring tendon graft can better restore the anterior 
knee stability compared with a conventional single-bundle reconstruction. Both 
reconstruction techniques are efficient in restoring the normal medial-lateral 
stability but overcorrect the internal tibial rotations.  
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Clinical Relevance: Single-tunnel double-bundle anterior cruciate ligament 
reconstruction with anatomical placement of hamstring tendon graft could provide 
improved clinical outcomes over a conventional single-bundle reconstruction. 
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Introduction 

Surgical reconstruction of a ruptured ACL is the most commonly adopted 
treatment option for patients with repeated episodes of giving way with activities of 
daily living or a lifestyle including high-demand activities.4,23 Single-bundle ACL 
reconstruction techniques using either a bone–patellar tendon–bone graft or a 
quadrupled hamstring tendon graft have been shown to successfully restore normal 
anterior stability of the knee joint.16,33 However, some studies have reported 
persistent rotational instability and long-term degenerative changes even after such 
a surgical intervention.1,11,15,29 Both in vitro and in vivo studies have indicated that a 
single-bundle ACL reconstruction could not restore the normal 6-degrees-of-
freedom knee kinematics.26,38  

With a greater understanding of the ACL anatomy and function, several anatomical 
ACL reconstruction techniques have been proposed. Some authors have described 
that an anatomical ACL reconstruction can be achieved by reconstructing both the 
anteromedial (AM) and posterolateral (PL) bundles of the ACL by using various 
combinations of femoral and tibial tunnels.8,21,27,28,31,37 A few other techniques 
described in the literature to achieve anatomical ACL reconstructions include 
placing the femoral and tibial tunnels at the center of the anatomical footprints, 
aperture fixation of the graft, creating an oval-shaped opening of the femoral 
tunnel, and creating a rectangular femoral tunnel and a half rectangular, half round 
tibial tunnel.2,5,7,13,30 

Some biomechanical studies have reported that an anatomical double-tunnel 
double-bundle ACL reconstruction can sufficiently restore the intact knee 
kinematics under loads various external loads.21,35,36 However, a consensus on the 
superiority of such techniques over the single-bundle ACL reconstruction in 
clinical outcomes is yet to be established. A recent meta-analysis of randomized 
controlled trials reported that no clinically significant differences between single- 
and double-bundle ACL reconstructions exist with respect to KT-1000 arthrometer 
and pivot-shift testing.24 Therefore, a debate on the need for such a technically 
challenging procedure as an alternative to the conventional single-bundle ACL 
reconstruction is yet to be resolved.16,22,24 
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Recently, some authors have proposed anatomical ACL reconstruction techniques 
by using a single femoral and tibial tunnel as opposed to creating multiple tun-
nels.7,10,30,31 However, few studies have investigated the efficacy of such ACL 
reconstruction techniques using hamstring tendon grafts, especially under 
physiological loading conditions.10 Hence, this study was designed to evaluate if an 
anatomical ACL reconstruction using a single femoral and tibial tunnel that places 
a hamstring tendon graft posteriorly along the contour of the posterior border of the 
lateral femoral condyle, restoring the anatomical joint line attachment at the native 
ACL footprint and the 2 bundles of the ACL, could provide superior joint stability 
compared with a conventional hamstring tendon graft single-bundle ACL 
reconstruction by using a robotic testing system. We hypothesized that single-
tunnel double-bundle anterior cruciate ligament reconstruction with anatomical 
placement of hamstring tendon graft (‘‘anatomical single-tunnel ACL 
reconstruction’’) can more closely restore the intact knee kinematics than 
conventional single-bundle ACL reconstruction. 

Methods 

This study was performed by using 9 fresh-frozen human cadaveric knee 
specimens from 7 male and 2 female donors with a mean age of 55 years (range, 
47-60 years). All specimens were stored at -20°C until 1 day before the experiment 
when they were thawed at room temperature for 24 hours. Each specimen was 
examined for osteoarthritis and ACL injury by using fluoroscopy and manual 
stability tests. Specimens with either of these conditions were excluded from this 
study. To facilitate the fixation of the femur and tibia, musculature surrounding the 
diaphyses was stripped. A bone screw was used to firmly secure the fibula to the 
tibia in its anatomical position. The tibial and the femoral diaphyses were then 
potted in hollow cylindrical cardboard tubes by using bone cement. After the bone 
cement solidified, the cardboard tubes were removed, leaving solid cylinders of 
bone cement with the femur or tibia embedded in them. These constructs were then 
secured in thick-walled aluminum cylinders that were attached to the robotic 
testing system. 

The specimen was then installed on a robotic testing system and tested under 
various loading conditions. Details on how this robotic testing system can be used 
to study knee joint kinematics have been described in previous studies.10,18,38 The 
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robotic testing system was used to determine a passive flexion path of the ACL-
intact knee from 0° to 120° in 1° increments of knee flexion. This passive flexion 
path was repeated 5 times before the determination of kinematics under the 
external loads at each knee condition. After the determination of the passive 
flexion path, kinematic responses of each ACL-intact knee were obtained under 3 
different external loading conditions (an anterior tibial load of 134 N, a simulated 
quadriceps load of 400 N, and combined torques of 10 N·m valgus tibial torque 
and 5 N·m internal tibial torque) at selected flexion angles of 0°, 15°, 30°, 60°, and 
90°. At each selected flexion angle, a selected external load was applied to the tibia 
by the robot while it simultaneously recorded the kinematic responses. 

After the intact knee kinematics were determined, the ACL was resected through a 
small medial arthrotomy under arthroscopy guide to simulate an ACL-deficient 
knee condition. The arthrotomy and skin were repaired in layers by sutures. After 
the resection of the ACL, kinematics of the ACL-deficient knee were determined 
under the same external loading conditions that were used to test the ACL-intact 
knee. 

Single-Bundle ACL Reconstruction Surgical Technique 

Both reconstructions were performed under arthroscopic-assisted techniques by a 
single surgeon while the specimen was still installed on the robotic testing system. 
The surgery began by harvesting the semitendinosus and gracilis tendons that were 
used as the graft material for both ACL reconstructions. The harvested grafts were 
pre-tensioned on a graft preparation board (DePuy Mitek, Raynham, Massa-
chusetts) with 20 lb of force while the tibial and femoral tunnels were prepared 
(20-25 minutes). First, the tibial tunnel was placed at the center of the ACL 
remnant through the anteromedial surface of the tibia at the level of the tibial 
tubercle using a tibial guide (DePuy Mitek) set at 55°. After the tibial tunnel 
placement, a K-wire was placed into the lateral femoral condyle at 1:30 or 10:30 
position through the AM portal with the knee flexed to 120° using an offset guide 
(DePuy Mitek). With the inserted K-wire as the reference, a femoral tunnel was 
reamed to the lateral cortex of the distal femur using a 4.5-mm EndoButton drill 
(Smith & Nephew Endoscopy, Andover, Massachusetts). A 30-mm long femoral 
socket was then created by a cannulated reamer that matched the prepared graft 
diameter. After both tunnels were created, the prepared quadrupled hamstring 
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tendon graft was passed through the tibial tunnel into the joint and finally through 
the femoral socket and was secured with a 20-mm EndoButton CL (Smith & 
Nephew Endoscopy) on the lateral cortex of the femur. A tibial INTRAFIX system 
(DePuy Mitek), which consists of a sheath with 4 quadrants and an interference 
screw, was used to secure the distal end of the quadrupled graft. All 4 strands were 
placed within a single quadrant of the sheath, and an interference screw was then 
inserted into the sheath while 40 N of axial graft tension was applied at full 
extension. After the graft was fixed at both ends, arthrotomy and skin incisions 
were repaired by sutures. After the single-bundle ACL reconstruction (Figure 1A), 
the kinematic responses of the reconstructed knee were determined under the 3 
external loading conditions.  

Anatomical Single-Tunnel Double-Bundle ACL Reconstruction Surgical Technique  

After the determination of the single-bundle ACL-reconstructed knee kinematics, 
the graft was released from the joint and was examined for any damage. If there 
was no noticeable damage, the same graft was reused for anatomical single-tunnel 
double-bundle ACL reconstruction (Figure 1B). The femoral and tibial tunnels that 
were used for single-bundle ACL reconstruction were reused after dilating both 
tunnels by 1 mm for anatomical single-tunnel ACL reconstruction. The 
semitendinosus and gracilis tendons were looped over a single strand of suture, and 
only the AM bundle was colored on the proximal end of the graft to easily identify 
the bundle. To achieve a desired position for the AM and PL bundles, a graft-
positioning tool (DePuy Mitek) was used. The graft was placed in the fork of the 
positioning tool with 1 bundle on either side of the fork. The single strand of the 
suture over which the graft was looped was passed through the femoral tunnel and 
out the lateral thigh. This suture was used to pull the graft into the tunnel, and the 
graft-positioning tool was advanced through the tibial tunnel until it reached the 
aperture of the femoral tunnel. At this point, the AM and PL bundles were rotated 
by rotating the positioning tool to achieve the desired positions of the 2 bundles 
before they were advanced into the femoral tunnel. The keel of a sheath trial 
(DePuy Mitek) was placed between the strands to separate the 2 bundles within the 
single tunnel. After aligning the AM and PL bundles into their anatomical 
orientation posteriorly in the femoral tunnel (Figure 1B), a femoral INTRAFIX 
sheath (DePuy Mitek) was then carefully inserted into the tunnel without altering 
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the position of the 2 bundles. The graft was then secured by driving a femoral 
INTRAFIX screw into the sheath that was inserted previously. This femoral 
INTRAFIX system places the graft posteriorly along the posterior border of the 
lateral femoral condyle. After the graft is secured in the femoral tunnel, the knee 
was fully extended by the robotic testing system. At this position, the tibial tunnel 
fixation was achieved by the tibial INTRAFIX system with the AM and PL 
bundles placed in 2 opposite quadrants of the sheath at their anatomical insertion 
sites on the tibial plateau. A 40-N graft tension was applied while the graft was 
secured in the tibial tunnel by an interference screw at full extension. The 
arthrotomy and skin incisions were then repaired by sutures and kinematics of the 
anatomical single-tunnel ACL-reconstructed knee were determined using the same 
protocol as described above. 

 

 

 

 

 

Figure 1. Single-bundle (A) 
and anatomical single-tunnel 
(B) ACL reconstructions. 
AMB, anteromedial bundle; 
PLB, posterolateral bundle. 

 

Data Analysis 

For each specimen in this study, kinematic responses to the 3 external loads were 
measured under 4 different knee conditions (ACL intact, ACL deficient, single-
bundle ACL reconstructed, and anatomical single-tunnel double-bundle ACL 
reconstructed). A 1-way repeated-measures analysis of variance was used to detect 
statistically significant differences in the kinematic responses of the knee under 4 
different knee conditions. When significant differences were found, post hoc 
comparisons were made using the Student Newman-Keuls test. Differences were 
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considered statistically significant at P < .05. The statistical analysis was performed 
in STATISTICA (StatSoft, Inc, Tulsa, Oklahoma). 

Results 

Kinematic Responses to an Anterior Tibial Load of 134 N 

An anterior tibial load of 134 N induced an anterior tibial translation at all selected 
flexion angles ranging from 4.8 ± 1.4 mm at 0° to 7.9 ± 2.7 mm at 30° of flexion in 
the ACL-intact knee (Table 1). After the resection of ACL, anterior tibial 
translations significantly increased at all selected flexion angles compared with 
those of the ACL-intact knee (P < .05). Both the single-bundle and anatomical 
single-tunnel ACL reconstructions significantly reduced these increased anterior 
tibial translations of the ACL-deficient knee at all selected flexion angles (P < .05). 
However, the anterior tibial translations after single-bundle ACL reconstruction 
were significantly greater than those of the ACL-intact knee at all selected flexion 
angles (P < .05). On the contrary, the anterior tibial translations after anatomical 
single-tunnel ACL reconstruction were not significantly different compared with 
the intact knee from 0° to 60° of flexion (P > .05). Significant differences in the 
anterior tibial translations of ACL-intact knee and anatomical single-tunnel ACL-
reconstructed knee were observed at 90° of flexion with a mean difference of 1.9 
mm (P < .05). 

Application of anterior tibial load significantly shifted the ACL-deficient tibia 
medially compared with the ACL-intact knee at 0°, 15°, 30°, and60° of flexion (P 
< .05) (Table 2). The mean maximum ACL-deficient knee tibial medial shift of 2.7 
mm occurred at 30° of flexion. The increased medial shifts were restored to the 
ACL-intact knee level by both reconstruction techniques at all selected flexion 
angles (P > .05). 

Kinematic Responses to the Action of Simulated Quadriceps Load of 400 N  

Simulated quadriceps load increased the anterior tibial translation of the ACL-
intact knee at all selected flexion angles with a maximum anterior tibial translation 
of 5.2 ± 3.3 mm at 30° of flexion (Table 1). The ACL deficiency further increased 
these anterior tibial translations significantly at 0°, 15°, and 30° of flexion (P < 
.05). Significant differences in the anterior tibial translations of the single-bundle
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Table 1. Anterior (+)/ Posterior (–) Tibial Translation (mean ± SD [mm]) Under 3 External Loading Conditions 

Loading Condition Flexion Angle (deg) ACL-Intact ACL-Deficient 
Single-Bundle ACL 

Reconstruction 
Anatomical ACL 
Reconstruction 

Anterior Tibial Load 0 4.8 ± 1.4 12.8 ± 1.9a1 7.1 ± 1.0a6,b1 5.0 ± 1.0b6,c1 
 15 7.1 ± 2.7 17.9 ± 4.4a2 10.2 ± 1.8a7,b2 8.3 ± 1.7b7,c2 
 30 7.9 ± 2.7 18.3 ± 5.3a3 11.1 ± 2.0a8,b3 9.5 ± 1.9b8 
 60 6.8 ± 3.0 13.4 ± 5.0a4 9.5 ± 2.5a9,b4 8.6 ± 2.3b9 
 90 6.3 ± 3.1 10.9 ± 3.3a5 8.4 ± 2.2a10,b5 8.1 ± 2.2a11,b10 
      
Simulated Quadriceps Load 0 2.5 ± 1.8 5.4 ± 2.6a12 4.0 ± 1.3a15,b11 2.2 ± 1.3b14,c3 
 15 4.7 ± 3.4 10.5 ± 5.0a13 7.0 ± 2.6a16,b12 5.2 ± 2.0b15 
 30 5.2 ± 3.3 9.4 ± 4.2a14 7.4 ± 2.9a17,b13 5.9 ± 2.3b16 
 60 2.5 ± 1.7 2.5 ± 2.6 2.6 ± 2.6 1.9 ± 2.0 
 90 0.3 ± 0.5 0.3 ± 0.8 0.4 ± 0.9 0.1 ± 0.4 
      
Combined Tibial Torques 0 0.1 ± 2.1 2.7 ± 2.3 a18 1.1 ± 1.1 a20,b17 -0.5 ± 1.1b18,c4 

 30 2.1 ± 4.3 4.5 ± 4.7 a19 3.6 ± 3.8 2.7 ± 3.9b19 
aa1-a5, a13:P= 0.0002; a6:P= 0.0017; a7:P=0.0050; a8:P=0.0115; a9:P=0.0341; a10:P=0.0326; a11:P=0.0275; a12:P=0.0005; a14:P=0.0003; 

a15:P=0.0236; a16:P=0.0435; a17:P=0.0260; a18:P=0.0001; a19:P=0.0052; a20:P=0.0185 (significantly different from ACL-intact knee). 
bb1-b3, b18:P=0.0002; b4:P=0.0010; b5:P=0.0047; b6-b8, b15:P=0.0001; b9, b14:P=0.0004; b10:P=0.0054; b11:P=0.0435; b12:P=0.0013; 

b13:P=0.0226; b16:P=0.0008; b17:P=0.0016; b19:P=0.0230 (significantly different from ACL-deficient knee). 
cc1:P=0.0019; c2:P=0.0349; c3:P=0.0205; c4:P=0.0035 (significantly different from single-bundle ACL Reconstruction). 
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ACL-reconstructed knee and ACL-intact knee were observed at 0°, 15°, and 30° of 
flexion (P < .05). In contrast, no significant differences were observed between the 
anatomical single-tunnel ACL reconstruction and the ACL-intact knee in terms of 
the anterior tibial transition at 0°, 15°, and 30° of flexion (P > .05). No significant 
differences were found between all 4 knee conditions at 60° and 90° of flexion (P > 
.05). 

Anterior cruciate ligament deficiency significantly increased the mean medial tibial 
translation (Table 2) compared with that of the ACL-intact knee at 0°, 15°, and 30° 
of flexion (P < .05). Both ACL reconstruction techniques were capable of reducing 
these increased medial tibial shifts of the ACL-deficient knee close to that of the 
ACL-intact knee level (P > .05). Under the action of simulated quadriceps load, the 
tibia of the ACL-intact knee internally rotated at all selected flexion angles. The 
mean internal tibial rotations (Table 3) after both ACL reconstructions were lower 
than that of the ACL-intact knee with no significant differences between these 3 
knee conditions at 0° and 30° of flexion (P > .05). 

Kinematic Responses to Combined Tibial Torques of5 N·m of Internal Torque and 
10 N·m of Valgus Torque  

Under the combined tibial torques, anterior tibial translations of the ACL-intact 
knee were 0.1 ± 2.1 mm at 0° of flexion and 2.1 ± 4.3 mm at 30° of flexion (Table 
1). Significant increases in the mean anterior tibial translations at 0° and 30° of 
flexion were observed due to ACL deficiency compared with that of the ACL-
intact knee (P < .05). The anterior tibial translation after the single-bundle ACL 
reconstruction was significantly higher than that of the ACL-intact knee at 0° of 
flexion (P < .05). In contrast, no significant differences were found in the anterior 
tibial translations of anatomical single-tunnel ACL reconstruction and the ACL-
intact knee at 0° and 30° of flexion (P > .05).  

The ACL deficiency significantly increased the mean medial tibial translation 
(Table 2) at 0° and 30° of flexion compared with that of the ACL-intact knee (P < 
.05). These increased medial tibial translations were closely restored to ACL-intact 
knee level by both reconstruction techniques at 0° of flexion (P > .05). Although 
there was a significant difference in the medial tibial translation between single-
bundle ACL reconstruction and ACL-intact knee, no significant difference was
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Table 2. Medial (+)/ Lateral (–) Tibial Translation (mean ± SD [mm]) Under 3 External Loading Conditions 

Loading Condition Flexion Angle (deg) ACL-Intact ACL-Deficient 
Single-Bundle ACL 

Reconstruction 
Anatomical ACL 
Reconstruction 

Anterior Tibial Load 0 -0.5 ± 0.6 0.6 ± 2.0a1 -0.5 ± 1.1b1 -0.7 ± 1.0b5 
 15 -0.4 ± 0.9 2.1 ± 3.2 a2 -0.4 ± 1.9b2 -0.6 ± 1.8b6 
 30 -0.1 ± 1.3 2.7 ± 3.5 a3 0.1 ± 2.5b3 -0.1 ± 2.3b7 
 60 1.0 ± 1.0 2.6 ± 3.2 a4 1.2 ± 2.3b4 1.1 ± 2.1b8 
 90 1.4 ± 1.6 2.6 ± 3.4 a5 1.3 ± 2.3 1.3 ± 2.2 
      
Simulated Quadriceps Load 0 0.2 ± 0.4 1.0 ± 1.1a6 0.6 ± 0.7 0.3 ± 0.6b10 
 15 1.0 ± 1.0 2.1 ± 1.9 a7 1.2 ± 1.5b9 0.9 ± 1.2b11 
 30 1.1 ± 1.1 2.0 ± 2.2 a8 1.4 ± 1.6 1.2 ± 1.3b12 
 60 0.9 ± 0.7 0.9 ± 1.0 0.9 ± 0.8 0.7 ± 0.7 
 90 0.4 ± 0.4 0.3 ± 0.7 0.3 ± 0.6 0.3 ± 0.5 
      
Combined Tibial Torques 0 2.2 ± 1.2 4.4 ± 1.8a9 2.9 ± 1.3b13 2.3 ± 1.2b14 

 30 3.9 ± 1.8 5.5 ± 2.4a10 4.8 ± 1.9 a11 4.5 ± 1.6b15 
aa1:P= 0.0345; a2:P= 0.0014; a3:P= 0.0030; a4:P= 0.0423; a5:P= 0.0505; a6:P= 0.0089; a7:P=0.0021; a8:P=0.0432; a9:P=0.0002; a10:P=0.0013; 

a11:P=0.0489 (significantly different from ACL-intact knee). 
bb1:P=0.0194; b2:P=0.0035; b3:P=0.0012; b4:P=0.0212; b5:P=0.0302; b6:P=0.0026; b7:P=0.0017; b8:P=0.0363; b9:P=0.0040; b10:P=0.0054; 

b11:P=0.0022; b12:P=0.0389; b13:P=0.0006; b14:P=0.0001; b15:P=0.0209 (significantly different from ACL-deficient knee). 
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Table 3. Internal (+)/ External (–) Tibial Rotation (mean ± SD [deg]) Under 3 External Loading Conditions 

Loading Condition Flexion Angle (deg) ACL-Intact ACL-Deficient 
Single-Bundle ACL 

Reconstruction 
Anatomical ACL 
Reconstruction 

Anterior Tibial Load 0 -0.1 ± 5.5 0.2 ± 3.7 -2.1 ± 6.5 -2.6 ± 6.1 
 15 1.9 ± 6.6 1.7 ± 4.5 -0.5 ± 8.7 -1.3 ± 9.1 
 30 1.0 ± 8.3 2.3 ± 4.9 0.7 ± 8.8 0.1 ± 9.3 
 60 3.1 ± 5.4 3.3 ± 4.5 2.7 ± 4.3 1.7 ± 5.9 
 90 3.7 ± 4.5 3.2 ± 4.5 2.4 ± 3.3 1.5 ± 3.7 
      
Simulated Quadriceps Load 0 4.2 ± 2.7 3.3 ± 3.6 2.7 ± 3.5 2.7 ± 3.2 
 15 8.9 ± 2.8 6.9 ± 3.4 5.7 ± 4.2a1 5.7 ± 4.0a2 
 30 8.5 ± 4.0 7.3 ± 4.0 5.9 ± 4.9 6.0 ± 4.9 
 60 4.3 ± 2.6 3.6 ± 3.3 3.7 ± 3.4 3.3 ± 3.2 
 90 0.8 ± 0.9 1.0 ± 1.4 0.9 ± 1.7 0.8 ± 1.4 
      
Combined Tibial Torques 0 11.9 ± 3.2 13.7 ± 3.3a3 12.2 ± 3.6b1 11.1 ± 3.8b2 

 30 20.6 ± 4.3 21.1 ± 3.9 20.3 ± 4.2 20.4 ± 4.0 
aa1:P= 0.0209; a2:P= 0.0125; a3:P= 0.0263 (significantly different from ACL-intact knee). 
bb1:P=0.0292; b2:P=0.0025 (significantly different from ACL-deficient knee). 
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found between anatomical single-tunnel ACL reconstruction and ACL-intact knee 
at 30° of flexion. The ACL deficiency increased the internal tibial rotations at 0° 
and 30° of flexion compared with that of the ACL-intact knee (Table 3). These 
increased internal tibial rotations were restored to the ACL-intact knee level by 
both ACL reconstructions at 0° and 30° of flexion (P > .05). 

Discussion 

In the current study, an anatomical ACL reconstruction using a single tibial and 
femoral tunnel in which the graft is placed posteriorly along the contour of the 
posterior border of the lateral femoral condyle to mimic the ACL insertion 
geometry was found to more closely restore the increased anterior tibial 
translations of the ACL-deficient knee to the ACL-intact knee level than did a 
conventional single-bundle ACL reconstruction under the 3 external loading 
conditions. Both ACL reconstruction techniques could sufficiently reduce the 
increased medial tibial translations of the ACL-deficient knee to the ACL-intact 
knee level under anterior tibial load and simulated quadriceps load. However, both 
reconstructions overcorrected the internal tibial rotations under the simulated 
quadriceps load. These data partially support our initial hypothesis that a single-
tunnel double-bundle ACL reconstruction with anatomical placement of hamstring 
tendon graft can more closely restore the intact knee kinematics than can a 
conventional single-bundle ACL reconstruction. 

In our study, we observed that ACL deficiency not only increases the anterior tibial 
translation but also significantly increases the medial tibial translations compared 
with that of the ACL-intact knee under the 3 external loading conditions. The 
increased anterior and medial tibial translations of the ACL-deficient knee are 
consistent with the observations of other studies.10,18 These findings reiterate the 
importance of restoring the 6-degrees-of-freedom kinematics of the normal knee 
after an ACL reconstruction, which could potentially prevent abnormal articular 
cartilage contact patterns. Our data showed that both reconstruction techniques 
were capable of restoring the normal medial tibial translations under anterior tibial 
load and simulated quadriceps load. 
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In vitro studies have investigated the efficacy of single-bundle ACL reconstruction 
under various loading conditions.10,34,35 Similar to our findings, these studies have 
concluded that a single-bundle ACL reconstruction can restore the anterior tibial 
translation to a clinically satisfactory level but not to the ACL-intact knee level. To 
improve knee joint stability, especially the rotational stability, some authors have 
proposed to reconstruct both functional bundles of the ACL by using 2 independent 
tunnels for each of the bundles. Yagi et al35 reported that a double-bundle ACL 
reconstruction was capable of significantly reducing the increased anterior tibial 
translations of the ACL-deficient knee but could not restore them to the intact-knee 
level at 0° and 30° of flexion under an anterior tibial load of 134 N. In another 
study using a robotic testing system, Yamamoto et al36 found no significant dif-
ferences in the anterior tibial translations of ACL-intact and double-bundle ACL-
reconstructed knees under an anterior tibial load. More recently, Markolf et al22 
demonstrated that a double-bundle ACL reconstruction significantly 
overconstrained the anterior tibial translations compared with the ACL-intact knee 
from 30° to 90° of flexion. In our study, the anatomical single-tunnel ACL recon-
struction sufficiently restored the ACL-intact knee anterior stability under the 
anterior tibial load and simulated quadriceps load. Similar results were observed in 
another study that evaluated the efficacy of a single-tunnel double-bundle ACL 
reconstruction technique in restoring normal knee kinematics.10 Based on our data, 
the normal anterior stability of the knee joint can be efficiently restored by an 
anatomical single-tunnel ACL reconstruction. 

Combined valgus–internal rotational torques have been used to evaluate the 
efficacy of ACL reconstructions to resist rotational loads. Yagi et al35 found that a 
double-bundle ACL reconstruction could not restore the anterior tibial translations 
close to the ACL-intact level under combined valgus–internal rotational torques at 
15° and 30° of flexion. However, Yamamoto et al36 reported that the anterior tibial 
translations of the ACL-intact knee under combined valgus–internal rotational 
torques were closely restored by the double-bundle ACL reconstruction at 15° and 
30° of flexion. In our study, no significant differences in the anterior tibial 
translations of the intact knee and anatomical single-tunnel ACL-reconstructed 
knee were observed at 0° and 30° of flexion under the combined valgus–internal 
rotational torques. Although a significant difference in the anterior tibial translation 
between the ACL-intact knee and single-bundle ACL-reconstructed knee was 
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found at 0° of flexion, the difference between the 2 groups was ≈1 mm, which may 
not be detectable in a clinical setting. These results demonstrate that an anatomical 
single-tunnel ACL reconstruction can sufficiently resist combined rotational loads 
and could be an efficient alternative to both single-bundle and double-bundle ACL 
reconstructions to restore the rotational stability of the knee joint. 

Few studies have investigated the internal-external tibial rotation after ACL 
reconstruction under physiological loading condition.10,38 Our data demonstrated 
that both the single-bundle and anatomical single-tunnel ACL reconstruction 
resulted in a lower internal tibial rotation compared with that of the ACL-intact 
knee under simulated quadriceps load. Similar observations of decreased internal 
tibial rotation after ACL reconstruction have been reported in various 
studies.10,25,26,32,38 Cartilage-to-cartilage contact in a normal tibiofemoral joint is 
reported to occur at regions of thicker cartilage layers.19 A shift in the cartilage-to-
cartilage contact regions to areas of thinner cartilage layers due to altered knee 
kinematics may have some undesirable consequences. Furthermore, a decrease in 
internal rotation is reported to increase the contact pressure in the patellofemoral 
joint, which may lead to complications in this joint.17 Therefore, further 
improvements to the current ACL reconstruction techniques are warranted to 
restore the normal tibial rotation under physiological loading. 

The anatomical ACL reconstruction of this study used a single tibial and femoral 
tunnel similar to some previously proposed anatomical ACL reconstruction 
techniques that use a tibialis anterior tendon, hamstrings tendon, or bone–patellar 
tendon–bone graft.7,10,30,31 A recent study by Gadikota et al10 reported that a single-
tunnel double-bundle ACL reconstruction technique using hamstring tendon graft 
closely restored the anterior laxity to the intact-knee level at low flexion angles 
(≤30°) but overconstrained the knee joint at high flexion angles (≥60°) under the 
anterior tibial load and at 0° and 30° of flexion under combined torques. The 
single-tunnel double-bundle ACL reconstruction technique used an AperFix 
femoral implant (Cayenne Medical, Scottsdale, Arizona) that separates the 
hamstring tendon graft into 2 bundles in a single tunnel. In the present study, the 
INTRAFIX system facilitates the fixation of a hamstring tendon graft posteriorly 
along the contour of the posterior border of the lateral femoral condyle, restoring 
the anatomical joint line attachment at the native ACL footprint and the 2 bundles 
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of the ACL. Our data showed that an anatomical single-tunnel ACL reconstruction 
can restore the normal anterior laxity at time zero without overconstraining the 
joint at high flexion angles. Such techniques could be easily adopted by surgeons 
who currently practice single-bundle ACL reconstruction to achieve a more 
anatomical reconstruction of the ACL. However, as with other ACL reconstruction 
techniques, this technique needs to be further improved to restore normal knee 
internal tibial rotations under physiological loads. Different femoral and tibial 
tunnel positions should be investigated to obtain the most optimal anatomical 
single-tunnel ACL reconstruction. 

This current cadaveric biomechanical study has several limitations that need to be 
addressed. A commonly used femoral tunnel position placed at 10:30/1:30 position 
was used in this study, and hence it does not evaluate the effect of various tunnel 
locations. The scope of this study was limited to using hamstring tendon graft for 
both reconstruction techniques. Therefore, further investigation is required to 
compare the anatomical single-tunnel ACL reconstruction using hamstring tendon 
graft to single-bundle ACL reconstructions using other graft sources such as a 
bone–patellar tendon–bone graft or a quadriceps tendon graft. Furthermore, 
randomization of the groups for reusing the graft was not performed because the 
anatomical single-tunnel ACL reconstruction required a larger tunnel than that used 
for single-bundle ACL reconstruction. The 2 distinct features of the anatomical 
single-tunnel ACL reconstruction compared with the single-bundle ACL 
reconstruction are (1) aperture fixation and (2) anatomical reconstruction of both 
bundles of the ACL. However, from the results of this study, we cannot estimate 
how much each of these 2 differences contributed to the observed differences in the 
kinematic results between the 2 reconstruction techniques. Similar to the 
observations of this study, few biomechanical studies demonstrated that an aperture 
fixation can provide a more stable joint than that of a peripheral fixation.12,14 
However, both fixation techniques have been reported to provide similar clinical 
outcomes.3,6,9,20 Therefore, the true efficacy of this anatomical reconstruction needs 
to be evaluated by a clinical follow-up study. Nevertheless, the repeated-measures 
design of this study facilitated a controlled measurement of knee kinematics under 
various knee conditions using the same specimen. 
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Conclusion 

The current study has shown that at time zero, a single-tunnel double-bundle ACL 
reconstruction with anatomical placement of hamstring tendon graft can provide a 
satisfactory anterior stability compared to a single-bundle ACL reconstruction 
under anterior tibial load, simulated quadriceps load, and combined tibial torques. 
Both reconstruction techniques can restore the medial-lateral stability under the 3 
external loads but overcorrected the internal tibial rotations under the action of 
simulated quadriceps loads. Further improvements to the current ACL 
reconstruction techniques are needed to restore normal tibial rotation. Future 
investigations must evaluate if such an advantage in terms of the stability provided 
by the anatomical single-tunnel ACL reconstruction carries over to a long-term 
follow-up and prevents degenerative changes. 
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Abstract 

Background: Tunnels created for reconstruction of a torn anterior cruciate 
ligament (ACL) are critical determinants of joint stability and clinical outcomes. 
There is limited objective evidence on the ability of transtibial (TT), anteromedial 
(AM) portal, and outside-in (OI) operative techniques in creating anatomic tunnels.  

Hypothesis: (1) Tibial tunnel–independent techniques can create tunnels more 
accurately at the anatomic ACL footprint center than the TT technique, and (2) 
femoral tunnel exit location of the OI and TT techniques on the lateral cortex will 
be significantly further away from the lateral epicondyle than the femoral tunnel 
exit location of the AM portal technique.  

Methods: Eight cadaveric knee specimens with a mean age of 56 years were used 
in this study. A digitizing system was used to record points along the outlines of 
the ACL insertion area and apertures of tunnels created by the TT, AM portal, and 
OI techniques. The following parameters were measured from the digitized points: 
(1) amount of ACL, anteromedial bundle, and posterolateral bundle coverage by 
the tunnels; (2) relationship between the centers of the ACL and the tunnels; and 
(3) distance between the center of the femoral tunnel exit and the lateral 
epicondyle. All the recorded parameters were analyzed in 3-dimensional solid 
modeling software.  

Results: The percentage of ACL footprint coverage achieved by all 3 surgical 
techniques was not significantly different from one another. However, larger 
femoral posterolateral bundle coverage was observed in tunnels created by the AM 
portal and OI techniques than in the TT tunnel. In terms of anteromedial bundle 
coverage, no significant differences were observed between the 3 techniques. On 
average, 27.1% ± 17.4% of the TT tunnel was outside the ACL footprint. This was 
significantly larger compared with 13.6% ± 15.7% with the AM portal technique (P 
= .01) and 10.8% ± 10.8% in the OI technique (P = .01). Centers of femoral tunnels 
created by the TT, AM portal, and OI techniques were located at a distance of 3.0 ± 
1.5 mm, 2.1  ± 0.9 mm, and 1.5 ± 1.2 mm, respectively, from the ACL footprint 
center. The femoral tunnel exit location of the AM portal technique on the lateral 
femoral cortex was closer to the lateral epicondyle than the femoral tunnel exit 
location of the OI and TT techniques.   
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Conclusion: Findings of this study indicate that a larger posterolateral bundle 
coverage is achieved by the AM portal and OI techniques than by the TT 
technique. Centers of the tunnels created by the AM portal and OI techniques were 
closer to the native ACL footprint center than the center of the TT technique 
tunnel. The incidence of a posterior femoral tunnel exit relative to the lateral 
epicondyle is higher in the AM portal technique than in the OI and TT techniques.  

Clinical Relevance: For ACL reconstruction using soft tissue grafts, tibial tunnel–
independent techniques can produce more anatomic tunnels than the TT technique. 
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Introduction 

Determinants of successful anterior cruciate ligament (ACL) reconstruction are 
multifactorial. One such factor known to critically influence the success of surgical 
reconstruction of a torn ligament is the position of tunnels created for graft 
fixation.11,16,19,22,23 There has been recent evidence emphasizing anatomic 
reconstruction to achieve better clinical outcomes after surgical interven-
tion.2,11,19,22,23 While creating the femoral tunnel through the tibial tunnel continues 
to be the most widely practiced technique,17 it has been shown to result in a higher 
percentage of nonanatomic femoral tunnel position primarily because of its 
dependency on the tibial tunnel.6,13,14,26 However, some authors have proposed 
modifications to the traditional transtibial (TT) technique and have demonstrated 
that an anatomic femoral tunnel can be created by adopting these 
modifications.10,20,21 Alternatively, anteromedial (AM) portal and outside-in (OI) 
techniques are being used to circumvent the dependency on the tibial tunnel to 
create a femoral tunnel.1,25 Although these techniques have several advantages, 
various risks and limitations have been identified.7-9,18 

Despite the evidence of 2 functional ACL bundles, the majority of ACL 
reconstructions are performed by using a single femoral and tibial tunnel created by 
the AM portal, OI, or TT technique.4,12 Therefore, it is imperative that this single 
tunnel captures both the functional bundles of the ACL. However, a comprehensive 
understanding of the relationship between the ACL, anteromedial bundle (AMB), 
and posterolateral bundle (PLB) footprints and the single tunnel created for soft 
tissue grafts remains unclear. It is important to establish objective evidence on the 
efficacy of the 3 surgical techniques in creating anatomic tunnels. Further, there is 
a theoretical risk for iatrogenic injury to the lateral soft tissue structures such as the 
lateral gastrocnemius tendon, popliteus tendon, lateral collateral ligament, common 
peroneal nerve, and biceps femoris tendon when creating the femoral tunnel 
through an AM portal. Therefore, the relationship between femoral tunnel exit on 
the lateral femoral cortex and the lateral epicondyle is critical to elucidate the 
potential risk for iatrogenic injury to the femoral attachments of the lateral 
gastrocnemius tendon, popliteus tendon, and lateral collateral ligament by each of 
these techniques. 
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The objectives of this study were to (1) establish a relationship between intra-
articular femoral tunnel aperture and anatomic ACL footprint and (2) measure the 
distance between the extra-articular femoral tunnel exit location and lateral 
epicondyle for the tunnels created by the TT, AM portal, and OI techniques for soft 
tissue ACL grafts. We hypothesized that tibial tunnel–independent techniques can 
create tunnels more accurately at the anatomic ACL footprint center than the TT 
technique. We also hypothesized that the femoral tunnel exit location of the OI and 
TT techniques on the lateral cortex would be significantly further away from the 
lateral epicondyle than the femoral tunnel exit location of the AM portal technique. 

Methods 

This study was conducted on 8 cadaveric knee specimens with a mean age of 56.4 
years (range, 46-77 years). These fresh-frozen human cadaveric specimens were 
purchased from a tissue bank (MedCure Inc, Portland, Oregon) and were stored at 
–20°C at our institution. After the specimens were thawed for 24 hours at room 
temperature, all musculature surrounding the joint was removed. The diaphysis of 
the femur was potted in bone cement to secure it on a rigidly fixed pedestal.  

With the tibia flexed to 90°, the AMB and PLB were carefully identified through a 
medial parapatellar arthrotomy. The identified AMB and PLB were transected 
using a No. 15 scalpel blade at the femoral attachment site. A surgical marking pen 
was then used to outline the femoral insertion area of the AMB and PLB. A 3-
dimensional (3-D) digitizing system (MicroScribe G2LX, Immersion Corp, San 
Jose, California) with a manufacturer-reported accuracy of 0.3 mm was used to 
digitally record the ACL footprint, tunnel footprint, and anatomic landmarks. The 
AMB and PLB insertions were recorded as evenly spaced points along the 
previously outlined insertion areas in 3-D solid modeling software (Rhinoceros, 
Robert McNeel and Associates, Seattle, Washington) by the stylus of the digitizing 
system. After the ACL insertions were recorded, femoral tunnels were created by 
the TT technique, AM portal technique, and OI technique in each of the 8 
specimens to implement a repeated-measures study design. After the tunnels were 
created by each surgical technique, the digitizing system and 3-D solid modeling 
software were used to digitally record evenly spaced circumferential points around 
the femoral tunnel intra-articular apertures.  
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The same specimens were used for 3 surgical techniques by filling the created 
femoral tunnels with bone cement. To minimize the bias in creating tunnels in bone 
cement, the sequence of the 3 techniques was varied among the 8 specimens. After 
the tunnels were filled with bone cement, the center of the anatomic ACL insertion 
was identified for subsequent surgical techniques by using the previously digitized 
ACL insertion. The motion of the stylus in space can be tracked in real time in 3-D 
solid modeling software. With the previously recorded ACL insertion in 3-D solid 
modeling software as the reference, the position of the stylus was manually 
maneuvered on the lateral intercondylar wall until the position of the tip of the 
stylus coincided with the virtual ACL insertion center (area centroid of ACL 
insertion) in 3-D solid modeling software. This position of the tip of the stylus was 
marked as the center of the ACL for subsequent tunnel creation. This procedure 
allowed us to accurately identify the ACL center repeatedly despite the use of bone 
cement.  

In addition to the digitization of the outlines of ACL insertion and tunnel apertures 
for each technique, other anatomic structures digitized included medial and lateral 
epicondyles, inner and outer articular margins of the distal femur, and the 
Whiteside line and its extension to the anterior and posterior cortex of the femoral 
shaft. Further, before drilling the tunnels by each technique, we digitized the tip of 
the guide pin, when it was flush with the lateral femoral cortex, as a point to 
represent the center of the femoral tunnel exit. 

Data Analysis  

All the digitizations were performed at the same initial fixed position on the 
pedestal. The recorded points along the AMB and PLB insertions were connected 
by spline curves to form closed circumferential curves of the AMB and PLB 
footprints and hence the ACL footprint. A plane was then fitted to the ACL curve 
to form the femoral ACL plane. The proximal-distal axis of the femoral ACL plane 
was defined as a line parallel to the long axis of the femoral shaft, and the anterior-
posterior axis was defined perpendicular to the proximal-distal axis in the femoral 
ACL plane (Figure 1). The recorded points along the intra-articular apertures of the 
femoral tunnels were also connected by spline curves to create closed circumfer-
ential curves of the tunnel footprints. Each spline curve was then projected onto the 
femoral ACL plane, and the areas and area centroids of these curves (ACL and 
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tunnels created by TT, AM portal, and OI techniques) were evaluated using the 
built-in functions of the 3-D modeling software. The amount of ACL, AMB, and 
PLB coverage by each tunnel was evaluated by measuring the amount of 
overlapping area between the tunnel and the ACL, AMB, or PLB. The distance 
between the ACL center and each tunnel center was evaluated as the distance 
between their area centroids. Further, the proximodistal and anteroposterior 
relations of the tunnel centers with respect to the femoral ACL center were also 
evaluated. Distance between the center of the extra-articular femoral tunnel exit 
and lateral epicondyle was measured as the distance between the tip of the guide 
pin (previously digitized point) and a point at the lateral epicondyle in the 3-D 
modeling software. 

 

 

Figure 1. Position of the tunnel center 
relative to the femoral anterior cruciate 
ligament (ACL) center was evaluated 
by using a femoral ACL coordinate 
system. The proximal-distal axis was 
defined parallel to the long axis of the 
femur, and the anterior-posterior axis 
was defined perpendicular to the 
proximal-distal axis in the femoral ACL 
plane. 
 

Surgical Techniques  

TT Technique. The TT technique was performed with the tibia flexed to 90°. Intra-
articularly, the tip of a 50° ACL tibial guide (DePuy Mitek, Raynham, Massachu-
setts) was positioned at the center of the posterolateral quadrant of the ACL 
footprint, and extra-articularly, the position of the sleeve ranged from a point 
lateral to the anterior margin of the medial collateral ligament (MCL) to the 
midpoint of the anterior margin of the MCL and medial border of the tibial 
tubercle. The tibial tunnel starting point in this study was located 20.8 ± 4.4 mm 
from the anterior margin of the MCL and 22.2 ± 4.5 mm from the edge of the 
medial tibial plateau, with a coronal angle of 60° with respect to the joint line. With 
these reference points, a guidewire was inserted into the tibia, and a tibial tunnel 
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was then created by reaming over the inserted guidewire by an 8-mm cannulated 
drill bit (DePuy Mitek). To create the femoral tunnel, a 7.5-mm offset guide 
(DePuy Mitek) was inserted through the tibial tunnel and hooked at the ‘‘over-the-
top’’ position. The offset guide was then laterally rotated so as to position the 
guidewire as close to the center of the femoral ACL footprint as possible. After the 
desired position of the guidewire was achieved, an 8-mm acorn-head reamer was 
used to create a femoral tunnel.  

AM Portal Technique. To create a femoral tunnel using the AM portal technique, a 
guidewire was inserted at the anatomic center of the ACL femoral footprint 
through the AM portal with the knee flexed to 120°. With the inserted guidewire as 
the reference, a femoral tunnel was then reamed to the lateral cortex of the distal 
femur using an 8-mm acorn-head reamer (DePuy Mitek). 

OI Technique. For the OI technique, a 70° ACL tibial guide (DePuy Mitek) was 
inserted through the central (transpatellar tendon) portal, and the tip of the guide 
was positioned at the anatomic center of the ACL footprint. The central portal was 
located at the level of the joint line through the patellar tendon. A longitudinal 
incision over the lateral thigh was made, and the iliotibial band was split; then, the 
lateral aspect of the distal femoral metaphysis was accessed by retracting the vastus 
lateralis muscle. Extra-articularly, the guide sleeve was placed proximal and 
anterior to the lateral epicondyle. A guide-wire was first inserted with these 
references with the tibia flexed to 70°. A femoral tunnel was then established by an 
8-mm cannulated drill bit (DePuy Mitek) over the inserted guidewire.  

Statistical Analysis  

Statistical analyses were performed by 1-way repeated-measures analysis of 
variance (ANOVA). If significant, post hoc comparisons between the 3 tunnel 
creation techniques were made by using the Newman-Keuls test. All statistical 
analyses were performed by using Statistica 6.1.478.0 (StatSoft Inc, Tulsa, 
Oklahoma). A P value of < .05 was considered statistically significant. 
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Results 

Area 

The areas of the ACL, AMB, and PLB footprints were 109.4 ± 12.7 mm2, 57.4 ± 
7.6 mm2, and 52.0 ± 9.8 mm2, respectively. The cross-sectional areas at the 
aperture of the femoral tunnels created by the TT, AM portal, and OI techniques 
were 77.9 ± 23.8 mm2, 70.1 ± 18.9 mm2, and 70.1 ± 11.9 mm2, respectively. No 
significant difference was observed in the total ACL footprint coverage achieved 
by these 3 tunnels (Figure 2). Coverage of the PLB by the TT tunnel (26.4% ± 
18.9%) was significantly lower than the coverage by the tunnels created by the OI 
(61.5% ± 27.0%) and AM portal (42.2% ± 29.4%) techniques (P < .05) (Figure 2). 
In terms of AMB coverage, no significant differences were observed between the 3 
techniques. On average, 27.1% ± 17.4% of the TT tunnel was outside the ACL 
footprint. This was significantly larger than the 13.6% ± 15.7% with the AM portal 
technique (P = .01) and 10.8% ± 10.8% with the OI technique (P = .01). Also, no 
significant difference was observed in the percentage of tunnel outside the ACL 
footprint between the AM portal and OI techniques (P = .56). 
 

 

Figure 2. Percentage of the femoral anterior cruciate ligament (ACL) footprint covered by 
the 3 surgical technique tunnels (mean ± standard deviation). The figures in this table do 
not represent the average ACL and tunnel outlines; they are from a single specimen. A, 
statistically significant difference compared with the anteromedial portal technique; AMB, 
anteromedial bundle; O, statistically significant difference compared with the outside-in 
technique; PLB, posterolateral bundle; T, statistically significant difference compared with 
the transtibial technique; dashed line represents the tunnel outline. 
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Location of Tunnel Center Relative to ACL Footprint Center  

Among the 3 techniques, the tunnel center of the OI technique was the closest to 
the ACL center at 1.5 ± 1.2 mm, followed by the AM portal tunnel center at 2.1 ± 
0.9 mm and TT technique tunnel center at 3.0 ± 1.5 mm. The center of the TT 
technique tunnel was significantly anterior compared with the centers of both the 
AM portal (P = .004) and OI (P = .001) tunnels (Figure 3). No significant 
difference was found in the location of the AM portal and OI tunnel centers in the 
anteroposterior direction (P = .25). The location of the TT technique tunnel center 
was significantly more proximal than the OI technique tunnel center (P = .03) 
(Figure 3). No significant difference was found in the location of the AM portal 
compared with both OI (P = .12) and TT (P = .25) tunnel centers in the 
proximodistal direction. 
 

 

Figure 3. Average femoral anterior cruciate ligament (ACL) and tunnel footprints. The 
white circle represents the location of the tunnel center relative to the femoral ACL center 
(mean ± standard deviation in mm). AM, anteromedial portal technique; OI, outside-in 
technique; TT, transtibial technique; A, statistically significant difference compared with 
the AM portal technique; O, statistically significant difference compared with the OI 
technique; T, statistically significant difference compared with the TT technique. 
 

Location of Femoral Tunnel Exit Center Relative to Lateral Epicondyle  

The TT tunnel exit was the farthest away from the lateral epicondyle at 42.3 ± 7.9 
mm, followed by the OI tunnel exit at 27.4 ± 4.3 mm, and the AM portal tunnel 
exit was the closest to the lateral epicondyle at 20.8 ± 8.8 mm (Figure 4). The TT 
tunnel exit location was significantly different from the AM portal tunnel exit (P = 
.0002) and OI tunnel exit (P = .0008). No significant difference was observed 
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between the AM portal and OI tunnel exits (P = .07). In terms of the 
anteroposterior component of the distance, the AM portal tunnel exit was 
significantly posterior compared with the OI tunnel exit (P = .006) and the TT 
tunnel exit (P = .003), and no significant difference was observed between the OI 
and TT tunnel exits in the anteroposterior direction (not significant) (Figure 4). In 
terms of the proximodistal component of the distance, the TT tunnel exit was 
significantly more proximal than the AM portal tunnel exit (P = .0007) and OI 
tunnel exit (P = .0008), and the locations of the AM portal and OI tunnel exits were 
not significantly different in the proximodistal direction (Figure 4). 

 

 

Figure 4. Anteroposterior and proximodistal location of the femoral tunnel exit relative to 
the lateral epicondyle. AM, anteromedial portal technique; OI, outside-in technique; TT, 
transtibial technique. 
 

Discussion 

The results of this controlled laboratory study indicated that similar coverage of the 
femoral ACL footprint can be achieved by each of the tunnels created by the TT, 
AM portal, and OI operative techniques. However, the tibial tunnel–independent 
techniques were able to cover a larger portion of the femoral PLB footprint than the 
TT technique. The centers of the femoral tunnels created by the AM portal and OI 
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techniques were closer to the anatomic ACL footprint center than the center of the 
TT tunnel. Further, the AM portal technique femoral tunnel exit location on the 
lateral femoral cortex was closer to the lateral epicondyle than the femoral tunnel 
exit location of the OI and TT techniques. 

Evidence of improved clinical outcomes after anatomic ACL reconstruction has 
provided an impetus for the debate on the ability of currently practiced surgical 
techniques to achieve anatomic tunnel positions. The percentage of the ACL 
footprint covered by a tunnel is an important parameter, as it is directly related to 
the amount of collagen within the native footprints of the ACL. In this study, we 
found that with an 8-mm reamer the maximum femoral ACL footprint coverage 
was <57%. Although maximum coverage was achieved by a tunnel created by the 
OI technique, no significant differences were observed among the 3 surgical 
techniques. Few studies have quantified the ACL footprint coverage by the TT 
technique tunnel,20,26 and we are not aware of a study that measured the ACL 
footprint coverage by AM portal and OI technique tunnels. Strauss et al26 reported a 
30.0% femoral ACL footprint coverage by the TT technique tunnel by using an 8-
mm reamer. The larger femoral ACL footprint coverage that was observed in this 
study compared with the Strauss et al26 study (51.0% vs 30.0%) may be because of 
the larger offset guide used in this study (7.5 mm vs 6 mm), which allowed the 
tunnel to be placed closer to the ACL footprint center. Larger offset guides are 
required to accurately position the guidewire at the center of the ACL footprint.3,26  

When the amount of ACL footprint coverage was divided into AMB and PLB 
footprint coverage, the tunnel by the TT technique achieved maximum (72%) 
AMB coverage and minimum (26%) PLB coverage compared with the tibial 
tunnel–independent techniques. Rue et al21 reported 50% coverage of the AMB and 
51% coverage of the PLB by using a 10-mm reamer for the TT technique. The 
discrepancy between these 2 studies may be because of the difference in reamer 
sizes used in them. We are not aware of other studies that compared the amount of 
AMB and PLB coverage achieved by using the AM portal or OI techniques. While 
the amount of AMB and PLB footprint coverage may be more easily controlled by 
the AM portal and OI techniques, an increase in the PLB footprint coverage by the 
TT technique is a challenge because of the constraint imposed on the reamer by 
tibial tunnel location. 
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Another important parameter is the location of the tunnel center relative to the 
ACL footprint center, as this reflects the ability of a technique to position a tunnel 
at the anatomic center. The location of the TT tunnel center was farthest from the 
femoral ACL footprint center compared with the AM portal and OI tunnel centers. 
Further, the location of the TT tunnel center was anterior (high) and proximal 
(deep) compared with the femoral ACL footprint center. This observation is in 
agreement with several studies that have evaluated the location of the TT tunnel 
center with respect to the ACL footprint center.1,6,13,24,26 The tibial tunnel starting 
point in this study was located 20.8 ± 4.4 mm from the anterior margin of the MCL 
and 22.2 ± 4.5 mm from the edge of the medial tibial plateau, with a coronal angle 
of 60° with respect to the joint line. In addition to a medialized starting point used 
in this study, the offset guide was also laterally rotated as much as possible to place 
the guidewire as close to the ACL footprint center as possible. A more medial and 
proximal starting position than the one used in this study may potentially place the 
tunnel at the anatomic center of the ACL footprint. However, such a starting point 
is perilous, as it may cause iatrogenic damage to the MCL and may produce a 
tunnel too close to the medial tibial plateau.10,20  

Theoretical risk for iatrogenic injury to the lateral gastrocnemius tendon, popliteus 
tendon, lateral collateral ligament, common peroneal nerve, and biceps femoris 
tendon is cited as a potential concern while preparing the femoral tunnel.5,18 The 
femoral attachment of the lateral collateral ligament is 1.4 mm proximal and 3.1 
mm posterior to the lateral epicondyle, the femoral attachment of the lateral 
gastrocnemius tendon is located posterior and proximal to the lateral epicondyle at 
a distance of 17.2 mm, and the popliteus tendon attachment on the femur lies 
anterior to the lateral epicondyle at a distance of 15.8 mm.15 In this study, we 
observed minimal risk of injury to the femoral attachment of the lateral 
gastrocnemius tendon, popliteus tendon, and lateral collateral ligament in the OI 
and TT techniques, as all the tunnel exit locations were anterior and proximally 
located relative to the lateral epicondyle. Although, on average, the tunnel exits of 
the AM portal technique were also proximal and anterior relative to the lateral 
epicondyle, in 3 specimens, our AM portal tunnel exit was located posterior to the 
lateral epicondyle; such a location could potentially cause an injury to the lateral 
gastrocnemius tendon femoral attachment.  
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Our study has certain limitations. First, 3 different surgical techniques were tested 
in each specimen by filling the tunnels created with bone cement. A digitization 
system and 3-D modeling software were utilized to accurately reidentify the ACL 
center after the tunnels were filled with bone cement. Further, the sequence of 
surgical techniques was alternated to minimize the bias resulting from this lim-
itation. Second, using different reamer sizes will alter the percentage of ACL 
coverage; however, we chose an 8-mm reamer to replicate a tunnel size commonly 
used for soft tissue grafts. Third, we did not use a retrograde reamer and a larger 
angled (> 70°) femoral guide for the OI technique. The tunnel position of the OI 
technique may be improved by utilizing these instruments. Fourth, a different tibial 
flexion angle and tibial starting position may influence the tunnel characteristics of 
the TT technique. Evaluation of tunnel characteristics with such variation may be 
required to comprehensively realize the potential of the TT technique.  

Conclusion 

Findings of this study indicated that, although equal percentage of femoral ACL 
coverage can be achieved by all 3 surgical techniques, more femoral PLB coverage 
could be achieved by our tibial tunnel–independent technique. Centers of the 
tunnels created by the AM and OI techniques were closer to those of the native 
ACL footprint center than the center of the TT technique tunnel. The incidence of a 
posterior femoral tunnel exit relative to the lateral epicondyle is higher in the AM 
portal technique than in the OI and TT techniques. The characteristics of tunnels 
created for ACL reconstruction are a function of several factors such as tunnel 
entry point, flexion angle, drilling angle, and so on. Therefore, our observations 
presented here must be interpreted within the framework of the technical details of 
each technique used in this study. 
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Abstract 

Background: Recently, anatomic anterior cruciate ligament (ACL) reconstruction 
is emphasized to improve joint laxity and to potentially avert initiation of cartilage 
degeneration. There is a paucity of information on the efficacy of ACL 
reconstructions by currently practiced tunnel creation techniques in restoring 
normal joint laxity.  

Hypothesis: Anterior cruciate ligament reconstruction by the anteromedial (AM) 
portal technique, outside-in (OI) technique, and modified transtibial (TT) technique 
can equally restore the normal knee joint laxity and ACL forces.  

Methods: Eight fresh-frozen human cadaveric knee specimens were tested using a 
robotic testing system under an anterior tibial load (134 N) at 0°,30°,60°, and 90° 
of flexion and combined torques (10-N·m valgus and 5-N·m internal tibial torques) 
at 0° and 30° of flexion. Knee joint kinematics, ACL, and ACL graft forces were 
measured in each knee specimen under 5 different conditions (ACL-intact knee, 
ACL-deficient knee, ACL-reconstructed knee by AM portal technique, ACL-
reconstructed knee by OI technique, and ACL-reconstructed knee by TT 
technique).  

Results: Under anterior tibial load, no significant difference was observed between 
the 3 reconstructions in terms of restoring anterior tibial translation (P > .05). 
However, none of the 3 ACL reconstruction techniques could completely restore 
the normal anterior tibial translations (P < .05). Under combined tibial torques, 
both AM portal and OI techniques closely restored the normal knee anterior tibial 
translation (P > .05) at 0° of flexion but could not do so at 30° of flexion (P < .05). 
The ACL reconstruction by the TT technique was unable to restore normal anterior 
tibial translations at both 0° and 30° of flexion under combined tibial torques (P < 
.05). Forces experienced by the ACL grafts in the 3 reconstruction techniques were 
lower than those experienced by normal ACL under both the loading conditions.  

Conclusion: Anterior cruciate ligament reconstructions by AM portal, OI, and 
modified TT techniques are biomechanically comparable with each other in 
restoring normal knee joint laxity and in situ ACL forces.  
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Clinical Relevance: Anterior cruciate ligament reconstructions by AM portal, OI, 
and modified TT techniques result in similar knee joint laxities. Technical perils 
and pearls should be carefully considered before choosing a tunnel creating 
technique. 
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Introduction 

The anterior cruciate ligament (ACL) reconstruction has been widely accepted to 
be the standard of care for ACL-ruptured patients to minimize the risk of further 
meniscal and chondral injuries, restore preinjury level of activity, and potentially 
prevent posttraumatic osteoarthritis. Anterior cruciate ligament reconstruction is 
performed by creating different numbers of bone tunnels in the tibia and femur to 
facilitate graft fixation within the tunnel. While several authors have proposed 
creating more than one tunnel in the tibia and femur,5,18,21 creation of a single tibial 
and femoral tunnel remains the most widely practiced technique for ACL 
reconstruction.16 There are 3 arthroscopic approaches in creating the femoral 
tunnel: through the tibial tunnel (tibial tunnel–dependent or more commonly 
known as transtibial [TT] technique) or independent of the tibial tunnel (via an 
anteromedial [AM] portal or via a 2-incision technique also known as outside-in 
[OI] technique).  

Since the introduction of the TT approach to create the femoral tunnel, it has been 
well adopted, with over 70% of the surgeons using this technique as of 200916 

because of the ease of the procedure, reduction in surgical time, and reduced 
postoperative morbidity. With recent emphasis on anatomic tunnel placement, the 
TT approach has been critically scrutinized, as it is believed by some authors to 
produce nonanatomic tibial and femoral tunnels.13 Therefore, a transition to 
creating a femoral tunnel independent of the tibial tunnel by either the AM portal 
or a 2-incision technique is recommended by several authors.1,3,20 While, 
technically, each of these 3 approaches have their perils and advantages when 
compared with one another, there is a paucity of evidence to elicit the relative 
biomechanical and clinical benefits of these approaches.  

Recently, few studies have compared the biomechanical efficacies of ACL 
reconstructions performed by traditional TT and AM portal techniques in restoring 
normal knee kinematics.3,20 It is reported that the kinematics of the normal knee 
were better reproduced when the ACL was reconstructed by the AM portal 
technique than the traditional TT technique. The guidelines for the TT techniques 
used in these studies resulted in nonanatomic tunnel placement. A modified TT 
technique, which can achieve a lower femoral tunnel on the lateral intercondylar 
notch compared with traditional TT technique, could potentially restore the normal 
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knee biomechanics. Therefore,the objectiveof thisstudy wastocompare theknee 
joint laxities between the 3 femoral tunnel drilling approaches, namely the 
modified TT technique, AM portal technique, and OI technique. We hypothesized 
that there will be no significant differences in the knee joint laxities after ACL 
reconstruction by these 3 techniques. 

Methods 

To investigate the hypothesis, a repeated-measures study design was implemented 
in which 5 different knee conditions were tested in each of the 8 knee specimens 
used. The fresh-frozen human cadaveric knee specimens (mean age, 56.4 years; 
range, 46-77 years) were obtained from a tissue bank (MedCure Inc, Portland, 
Oregon) and were stored at our institution at –20°C. Each cadaveric knee was 
thawed for 24 hours before the testing and was examined for degenerative changes 
and ACL injury by using fluoroscopy and manual stability tests. Through a medial 
parapatellar miniarthrotomy, each specimen was examined for cartilage injury 
more than grade II of Outerbridge classification and meniscal tears. We did not 
observe any of the above-mentioned abnormalities in all the specimens used for 
this study. The musculature surrounding the diaphyses of the femur and tibia was 
stripped with all the soft tissues around the knee intact (skin, knee ligaments, joint 
capsule, and musculature). The tibial and femoral shafts were then potted in bone 
cement to facilitate the attachment of the specimen to the robotic testing system.  

Details on the operation of the robotic testing system are presented in the 
literature.6,14 After the installation of the knee specimen on the robotic testing 
system, a passive flexion path of the knee was determined between 0° and 120° of 
flexion. During this process, forces and moments at the knee center were 
minimized (<5.0 N and <0.5 N·m, respectively) at each flexion angle by 
manipulating the tibia in 5 degrees-of-freedom. Resultant tibial position at each 
flexion angle with respect to the fixed femur was recorded for later testing. After 
the determination of the passive path, each specimen was tested under 5 different 
conditions by subjecting them to an anterior tibial load of 134 N and combined 
valgus and internal torques of 10 N·m and 5 N·m, respectively. The kinematic 
responses for the knee joint and the forces in the ACL and ACL grafts were 
measured under these loading conditions. The sequence of 5 knee conditions was 
ACL-intact knee, ACL-deficient knee, and ACL-reconstructed knee by 3 femoral 
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tunnel drilling techniques. The sequence of ACL reconstructions was alternated 
between the 3 techniques among the 8 specimens.  

After the intact knee testing, ACL deficiency was achieved by resecting the ACL 
through a small medial parapatellar arthrotomy. The ACL-deficient knee was then 
tested after the arthrotomy and skin were repaired in layers by sutures. Anterior 
cruciate ligament reconstruction began by harvesting the semitendinosus and 
gracilis tendons, which were prepared by suturing 30 mm on each end of the 2 
grafts. These grafts were then pretensioned on a graft preparation board (DePuy 
Mitek, Raynham, Massachusetts) with 20 lb of force while the tibial and femoral 
tunnels were prepared (20-25 minutes). Before the graft was passed through the 
tunnels, each strand of the graft was doubled over a 20-mm EndoButton CL (Smith 
& Nephew, Memphis, Tennessee) loop to form a quadruple hamstring graft-
implant construct. The size of the prepared quadruple hamstring tendon graft for 
each of the 8 specimens was 8 mm. All surgeries were performed by a parapatellar 
arthrotomy incision, and the incision was repaired by sutures after the surgery. 
Surgical techniques for the 3 ACL reconstructions that followed the ACL-deficient 
condition are described below. 

TT Technique  

To facilitate free motion of the tibia for the ease of surgery, the tibial end of the 
fixation was detached from the robotic arm at full extension position, while the 
femoral end of the fixation was retained to the pedestal. After the tibial and femoral 
tunnels were created, the tibial fixation to the robotic arm was accurately restored 
to its original position. An ACL tibial guide (DePuy Mitek) set to 50° was used for 
aiming and placing a K-wire. Intra-articularly, the tip of the tibial tunnel guide was 
positioned at the center of the posterolateral quadrant of the ACL footprint (Figure 
1). The extra-articular starting position for the guide pin ranged from a point lateral 
to the anterior margin of the medial collateral ligament (MCL) to the midpoint of 
the anterior margin of the MCL and medial border of the tibial tubercle. After a K-
wire was inserted with the above-mentioned extra-articular and intra-articular 
reference points, a cannulated drill bit (diameter of the drill bit was equal to the 
diameter of the prepared quadrupled hamstring graft) was used to drill the tibial 
tunnel with the K-wire as the directional guide. For preparation of the femoral 
tunnel, a 7.5-mm offset guide (DePuy Mitek) was inserted through the tibial tunnel 



Tibial Tunnel–Dependent and –Independent Femoral Tunnel Drilling 

111 

and hooked at the ‘‘over-the-top’’ position at 90° of flexion. The offset guide was 
then laterally rotated19 until the K-wire, inserted through the cannula of the offset 
guide, was located as close to the center of the femoral ACL footprint as possible. 
After confirmation of this anatomic position, the K-wire was drilled into the lateral 
femoral condyle until it exited out of the lateral thigh. With the inserted K-wire as 
the reference, a femoral tunnel was created to the lateral cortex of the distal femur 
using a 4.5-mm EndoButton drill (Smith & Nephew Endoscopy, Andover, 
Massachusetts) followed by a 30-mm-long socket created by a cannulated drill bit 
that matched the prepared quadruple hamstring graft diameter. The graft-implant 
construct was then passed through the tibia into the joint and through the femoral 
socket and was secured by flipping the EndoButton on the outer femoral cortex. 
The distal end of the graft was then fixed in the tibial tunnel by INTRAFIX screw 
(DePuy Mitek) with a diameter that matched the tunnel diameter at full extension 
and 40 N of axial graft tension. 

 

 

 

 

 

 

Figure 1. Intra-articular position of the 
tibial guide tip (DePuy Mitek) for 
transtibial technique. 

 

AM Portal Technique  

After the biomechanical testing of ACL reconstruction by the TT technique, the 
graft was removed from the joint by releasing the fixation. The tibial and femoral 
tunnels created previously were then filled with bone cement to permit reuse of the 
same specimens for reconstructing the ACL by the AM portal technique. The tibial 
tunnel was prepared first by drilling a K-wire through the center of the ACL 
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footprint using a tibial guide (DePuy Mitek) set to 50°. With the inserted K-wire as 
the reference, a cannulated drill bit with a diameter that matched the graft diameter 
was then used to create the tibial tunnel. After drilling the tibial tunnel, a K-wire 
was inserted at the anatomic center of the ACL femoral footprint through the AM 
portal with the knee flexed to 120°. A femoral tunnel was then reamed to the lateral 
cortex of the distal femur using a 4.5-mm EndoButton drill over the inserted K-
wire. Further, a 30-mm-long femoral socket, with a diameter matched to graft 
diameter, was then created by an acorn-head reamer (DePuy Mitek) to prevent 
cartilage damage. The previously used graft-implant construct was passed through 
the tibial tunnel and femoral socket and fixed by flipping the EndoButton on the 
outer femoral cortex. Again, the tibial end of the graft was fixed by INTRAFIX 
screw with a diameter that matched the tunnel diameter at full extension while 40 
N of axial graft tension was constantly applied.  

Two-Incision Technique  

After the graft was removed from the joint, both the tibial and femoral tunnels were 
filled with bone cement. The tibial tunnel for the 2-incision technique was created 
at the same location as the tibial tunnel in the AM portal technique. For the creation 
of the femoral tunnel, we made a longitudinal incision over the lateral thigh and 
split the iliotibial band, and the lateral aspect of the distal femoral metaphysis was 
accessed by retracting the vastus lateralis muscle. With the tibia flexed to 70°, a 
tibial guide (DePuy Mitek) set to 70° was inserted through the central portal, and 
intra-articularly, the tip of the guide was positioned at the anatomic center of the 
ACL footprint. Extra-articularly, the guide sleeve was placed proximal and anterior 
to the lateral epicondyle to avoid injury to lateral soft tissue structures and to 
maximize tunnel length. With these reference points, a K-wire was drilled through 
the lateral femoral condyle until it protruded at the center of the ACL footprint. 
Then, a femoral tunnel was established by advancing a reamer through the lateral 
femoral cortex along the previously inserted K-wire until it was proud at the ACL 
footprint. A 14-mm spiked washer (DePuy Mitek) was impacted onto the lateral 
femoral cortex at the entrance of the tunnel to facilitate the use of EndoButton 
(Figure 2). The graft-implant construct was then passed through the tibial tunnel 
into the femoral tunnel and fixed here by flipping the EndoButton on the spiked 
washer (Figure 2). Similar to the other techniques, the tibial end of the graft was 
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fixed by INTRAFIX screw with a diameter that matched the tunnel diameter at full 
extension and with 40 N of constant axial graft tension. 

Figure 2. Femoral graft fixation in the outside-in technique was achieved by flipping an 
EndoButton (Smith & Nephew Endoscopy) on a 14-mm spiked washer (DePuy Mitek), 
which was impacted onto the lateral femoral cortex at the tunnel entrance. 

Data and Statistics  

The data obtained from each knee specimen under the 5 different conditions (ACL 
intact, ACL deficient, ACL reconstruction by TT technique, ACL reconstruction 
by AM portal technique, and ACL reconstruction by OI technique) included 
kinematics of the knee joint, ACL, and ACL graft forces. The data represent the 
responses of the knee joint to 134 N of anterior tibial load at 0°,30°,60°, and 90° of 
flexion and combined valgus and internal torques of 10 N·m and 5 N·m, 
respectively, at 0° and 30° of flexion. Because each specimen was tested under all 
5 different conditions, this within-subjects analysis data were statistically analyzed 
by repeated-measures analysis of variance (ANOVA). When significant differences 
were detected, post hoc comparisons were made among the 5 groups using the 
Newman-Keuls test. Statistical significance was assumed when P value was less 
than .05. 

Results  

Knee Kinematics, ACL, and ACL Graft Forces Under Anterior Tibial Load of 134N  

In the ACL-intact knee, anterior tibial translations ranged from 3.9 ± 0.9 mm at 0° 
to 7.1 ± 2.7 mm at 30° of flexion (Figure 3). After the resection of the ACL, 
anterior tibial translations significantly increased by a factor of 2.84, 2.91, 2.77, 
and 2.75 compared with the intact knee at 0°, 30°,60°, and 90° of flexion, 
respectively (P < .05). These increased anterior tibial translations were significantly 
decreased by all 3 ACL reconstructions (P < .05) (Figure 3). However, none of 
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these ACL reconstructions were able to restore the normal anterior tibial 
translations at all selected flexion angles (P < .05). 

 

Figure 3. Anterior tibial translations under 134-N anterior tibial load. ‘‘I’’ and ‘‘D’’ 
represent statistically significant differences compared with the ACL-intact knee and ACL-
deficient knee, respectively (P < .05). Error bars represent standard deviation. ACLR-AM, 
ACL reconstruction by anteromedial portal technique; ACLR-OI, ACL reconstruction by 
outside-in technique; ACLR-TT, ACL reconstruction by transtibial technique. 

 

 

Figure 4. Anterior cruciate ligament (ACL) and ACL graft forces under 134-N anterior 
tibial load. ‘‘I’’ represents statistically significant difference compared with the ACL-intact 
knee (P < .05). Error bars represent standard deviation. ACLG-AM, ACL graft force in 
ACL reconstruction by anteromedial portal technique; ACLG-OI, ACL graft force in ACL 
reconstruction by outside-in technique; ACLR-TT, ACL graft force in ACL reconstruction 
by transtibial technique. 
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The maximum differences in anterior tibial translations between the intact knees 
and ACL-reconstructed knees by AM portal technique, OI technique, and TT 
technique were 2.7 ± 1.7 mm at 90°, 2.4 ± 1.6 mm at 60°, and 3.1 ± 2.1 mm at 60° 
of flexion, respectively. No significant differences in anterior tibial translations 
were observed between the 3 ACL reconstructions (P > .05). No significant 
differences were observed between intact knee ACL force and ACL graft forces in 
knees reconstructed by any of the 3 reconstructions (Figure 4). 

Knee Kinematics, ACL, and ACL Graft Forces Under Combined Valgus (10 N·m) 
and Internal (5 N·m) Torques  

Under combined tibial torques, anterior tibial translations of the ACL-intact knee 
were 0.3 ± 0.7 mm at 0° of flexion and 3.0 ± 2.2 mm at 30° of flexion (Figure 5). 
Similar to the anterior tibial load, combined torques produced a significant increase 
in anterior tibial translations in ACL deficient knees by a factor of 11.7 and 3.2 
compared with the intact knees at 0° and 30° of flexion, respectively (P < .05). All 
3 ACL reconstructions significantly reduced these increased anterior tibial 
translations observed in ACL-deficient knees (P < .05) (Figure 5). Differences in 
anterior tibial translations between the intact knees and ACL-reconstructed knees 
by AM portal technique and OI technique were 0.7 ± 1.1 mm and 0.6 ± 1.2 mm at 
0° of flexion (P > .05) and 1.7 ± 0.5 mm and 1.9 ± 1.0 mm at 30° of flexion (P < 
.05), respectively. Anterior cruciate ligament reconstructions by both AM portal 
and OI techniques closely restored the normal anterior tibial translations at 0° but 
failed to do so at 30° of flexion. In contrast, statistically significant differences in 
anterior tibial translations between the intact knees and ACL-reconstructed knees 
by the TT technique were observed both at 0° (1.5 ± 1.1 mm) and 30° (3.0 ± 1.6 
mm) of flexion (P < .05). When comparing the 3 reconstructions, no significant dif-
ference in anterior tibial translation was found between them at 0° of flexion, and 
significant difference between the TT technique reconstruction compared with AM 
and OI technique reconstructions was found at 30° of flexion (Figure 5). On 
average, forces experienced by ACL graft in ACL-reconstructed knees by AM and 
OI techniques were 14.5% and 17.8% lower than the forces experienced by the 
ACL at 0° of flexion (P > .05) (Figure 6), and these values further decreased to 
34.7% and 33.6% at 30° of flexion, respectively (P < .05) (Figure 6). The forces 
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experienced by ACL graft in TT technique reconstruction were significantly lower 
by 41.1% and 35.4% at 0° and 30° flexion, respectively (Figure 6). 

 

 

Figure 5. Anterior tibial translations under 10-N·m valgus and 5-N·m internal tibial 
combined torques. ‘‘I’’, ‘‘D’’, ‘‘A’’, and ‘‘O’’ represent statistically significant differences 
compared with the ACL-intact knee, ACL-deficient knee, ACL-reconstructed knee by 
anteromedial portal technique, and ACL-reconstructed knee by outside-in technique, 
respectively (P < .05). Error bars represent standard deviation. ACLR-AM, ACL 
reconstruction by anteromedial portal technique; ACLR-OI, ACL reconstruction by 
outside-in technique; ACLR-TT, ACL reconstruction by transtibial technique. 

 

 

Figure 6. Anterior cruciate ligament (ACL) and ACL graft forces under 10-N·m valgus and 
5-N·m internal tibial combined torques. ‘‘I’’ and ‘‘O’’ represent statistically significant 
differences compared with the ACL-intact knee and ACL-reconstructed knee by outside-in 



Tibial Tunnel–Dependent and –Independent Femoral Tunnel Drilling 

117 

technique, respectively (P < .05). Error bars represent standard deviation. ACLGAM, ACL 
graft force in ACL reconstruction by anteromedial portal technique; ACLG-OI, ACL graft 
force in ACL reconstruction by outside-in technique; ACLR-TT, ACL graft force in ACL 
reconstruction by transtibial technique. 

Discussion 

Restoring normal knee joint laxities is the primary goal of an ACL reconstruction. 
This study evaluated the efficacies of 3 different tunnel creation techniques for 
ACL reconstruction in restoring normal knee laxities and ACL forces under 2 
different loading conditions. The results of this study support the hypothesis that 
ACL reconstruction by modified TT, AM portal, and OI techniques results in sim-
ilar knee joint laxities. Further, none of these techniques were able to restore the 
normal knee joint laxities under the external loads applied. Similarly, ACL grafts in 
all techniques carried lower forces than the native ACL.  

Persistent joint instability and development of degenerative changes after ACL 
reconstruction have underscored the importance of anatomic ACL 
reconstruction.5,15,17 The notion of anatomic tunnel placement to improve patient 
outcomes has raised a contention on the ability of the TT technique, originally 
proposed during the era when isometric ACL reconstruction was emphasized, to 
achieve anatomic tibial and femoral tunnels. While some authors proposed 
modifications to the traditionally practiced TT technique,4,9,12,19 others are 
endorsing the use of tibial tunnel–independent techniques1-3,20 such as the AM 
portal and OI techniques to create tibial and femoral tunnels anatomically. 
However, there is a paucity of information on the comparative efficacies of tibial 
tunnel–independent (AM portal and OI) and tibial tunnel– dependent (modified 
TT) techniques in restoring normal knee biomechanics. Recently, some 
biomechanical studies have compared the knee joint laxities after reconstructions 
by AM portal and TT techniques.3,20 By using an image-guided navigation system, 
Steiner et al20 demonstrated that the AM portal technique closely restored the 
normal anterior tibial translations at 30° of knee flexion while the TT technique 
could not do so. Similarly, Bedi et al3 found that the AM portal technique more 
closely restored the normal joint laxity than the TT technique. In the current study, 
all 3 reconstruction techniques could not restore the normal knee joint laxity.  
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Several different factors could potentially explain the differences observed between 
these studies. Steiner et al20 used a traditional TT technique where 70% of the tibial 
tunnels were placed in the posterior third of the tibial footprint and femoral tunnels 
in the proximal third of the femoral footprint. In the TT technique used by Bedi et 
al,3 a 10-mm tibial tunnel was placed at the center of the tibial footprint, and then 
by free hand, a guidewire was positioned eccentrically posterior and lateral in the 
tibial tunnel for preparation of the femoral tunnel. It is reported that this guidewire 
was anterior and superior to the center of the femoral footprint. This may have 
resulted from the constraints imposed by the tibial tunnel placed at the center of the 
tibial footprint by Bedi et al.3 In the TT technique used for this study, the tip of the 
tibial tunnel guide is positioned at the center of the posterolateral quadrant of the 
ACL footprint to create the tibial tunnel. Then, an offset guide was inserted into the 
tibial tunnel and hooked at the ‘‘over-the-top’’ position at 90° of flexion. This 
offset guide was then rotated laterally to reach the center of the femoral footprint as 
closely as possible. Therefore, the femoral tunnels in the TT technique of both pre-
vious studies were nonanatomic compared with the current study. Further, in the 
AM portal technique, Steiner et al20 placed 90% of their tibial tunnels in the 
anterior third of the tibial footprint, and only 50% of their femoral tunnels were 
placed at the center of the femoral footprint. Therefore, the grafts were more 
vertical in the TT and horizontal in the AM portal techniques. This may explain the 
difference observed in the anterior tibial translations. Further, the graft source, 
fixation implant, initial graft tension, and graft fixation angle were different for 
each of these studies. Steiner et al20 used a 10-mm bone–patellar tendon–bone 
autograft that was fixed by a 7-mm metal interference screw in the femoral tunnel 
and a 9-mm interference screw in the tibial tunnel with 22.5 N of initial tension at 
10° of knee flexion. A 6-mm synthetic ligament device was used as the graft by 
Bedi et al3 in a 6-mm femoral tunnel and 10-mm tibial tunnel. The femoral end of 
the graft was fixed by EndoButton (Smith & Nephew), while the tibial fixation was 
achieved by a screw and post with 44-N initial graft tension, and the graft fixation 
angle was not reported by Bedi et al.3 In this study, quadruple hamstring tendon 
autograft was used as the graft material. EndoButton CL (Smith & Nephew 
Endoscopy) and INTRAFIX screw (DePuyMitek) were used to fix the graft in the 
femoral and tibial tunnels, respectively, at full extension with 40 N of axial graft 
tension.  
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Because of improved cosmesis, less surgical morbidity, shorter operation time, and 
potentially faster return to sports, the single-incision technique has gained 
popularity over the OI technique.7,10,11 In contrast, several advantages of the OI 
technique have been reported including accurate femoral tunnel placement, 
eliminated risk of posterior wall violation, eliminated graft-tunnel mismatch, and 
screw divergence.8 With over 80% of the surgeons performing fewer than 10 ACL 
reconstructions per year in the United States,16 in conjunction with the knowledge 
of these 3 techniques in restoring joint laxities, it is highly critical to thoroughly 
evaluate the technical perils and pearls inherent to each approach prior to clinically 
adopting them. The TT technique is commonly used because of its simplicity, ease 
of the technique, and a relatively small learning curve compared with the AM 
portal and OI techniques. However, it has been criticized for the difficulty in 
achieving anatomic femoral tunnel because of its dependence on the tibial tunnel. 
In this study, anatomic femoral tunnel was achieved through a tibial tunnel with an 
extra-articular starting position ranging from a point lateral to the anterior margin 
of the MCL to the midpoint of the anterior margin of the MCL and medial border 
of the tibial tubercle, with the tibial guide set to 50°. It is imperative that the offset 
guide is rotated laterally after it is hooked onto the over-the-top position to achieve 
an oblique anatomic placement of the guidewire.  

The results of this study are to be interpreted with the following limitation in mind. 
Bone cement was used to fill the tunnels created to test the 3 different techniques in 
the same specimen. This step was necessary for a repeated-measures study design. 
To minimize bias, the order of 3 ACL reconstruction techniques was changed for 
each specimen. Because a retrograde reamer was not used for the OI technique, a 
spiked washer had to be used to consistently use EndoButton CL (Smith & 
Nephew) for all the 3 procedures. A 40-N initial graft tension was used in this 
study for each reconstruction technique. A larger initial graft tension may have 
more closely restored the normal joint laxity. However, a clear consensus on 
optimal initial graft tension that can restore the normal joint laxity, while avoiding 
other complications, is yet to be realized. 

Conclusion 

This study demonstrated that both tibial tunnel–independent and –dependent 
femoral tunnel placement techniques can equally restore the joint laxity and ACL 
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force under external loading. However, none of these 3 techniques could 
completely restore the normal knee joint laxity and ACL forces, suggesting that in 
conjunction with the tunnel position, other factors are to be optimized to restore 
normal knee biomechanics. The results of this study are to be carefully interpreted, 
as the TT technique used here is a modification of the traditional TT technique. 
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Abstract 

Purpose: The aims of this study were to determine: (1) the kinematic effect of 
subtotal medial meniscectomy on the anterior cruciate ligament (ACL)–deficient 
knee and (2) the effect of ACL reconstruction on kinematics of the knee with 
combined ACL deficiency and subtotal medial meniscectomy under anterior tibial 
and simulated quadriceps loads.  

Methods: Eight human cadaveric knees were sequentially tested using a robotic 
testing system under 4 conditions: intact, ACL deficiency, ACL deficiency with 
subtotal medial meniscectomy, and single-bundle ACL reconstruction using a 
bone–patellar tendon–bone graft. Knee kinematics were measured at 0°, 15°, 30°, 
60°, and 90° of flexion under an anterior tibial load of 130 N and a quadriceps 
muscle load of 400 N.  

Results: Subtotal medial meniscectomy in the ACL-deficient knee significantly 
increased anterior and lateral tibial translations under the anterior tibial and 
quadriceps loads (P < .05). These kinematic changes were larger at high flexion (≥ 
60°) than at low flexion angles. ACL reconstruction in knees with ACL deficiency 
and subtotal medial meniscectomy significantly reduced the increased anterior 
tibial translation, but could not restore anterior translation to the intact level with 
differences ranging from 2.6 mm at 0° to 5.5 mm at 30° of flexion. ACL 
reconstruction did not significantly affect the medial–lateral translation and 
internal–external tibial rotation in the presence of subtotal meniscectomy.  

Conclusions: Subtotal medial meniscectomy in knees with ACL deficiency altered 
knee kinematics, especially at high flexion angles. ACL reconstruction significantly 
reduced the increased tibial translation in knees with combined ACL deficiency 
and subtotal medial meniscectomy, but could not restore the knee kinematics to the 
intact knee level. 

Clinical Relevance: This study suggests that meniscus is an important secondary 
stabilizer against anterior and lateral tibial translations and should be preserved in 
the setting of ACL reconstruction for restoration of optimal knee kinematics and 
function. 
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Introduction 

The loss of part or the entire meniscus alters the mechanics of the knee and its 
function, leading to cartilage deterioration and osteoarthritis of the joint.1-4 

Although lateral meniscal deficiency is more deleterious than medial meniscal 
deficiency for the joint,5,6 medial meniscal injuries are more frequent than lateral 
meniscal injuries in patients with anterior cruciate ligament (ACL) injury.7-11 

Biomechanical studies have identified how increased knee joint forces contribute to 
functional impairment and early onset of osteoarthritis in the knee with combined 
ACL and medial meniscus injuries.12-14 It has also been shown that meniscus plays 
a greater role in contributing to the stability in an ACL-deficient knee than in an 
ACL-intact knee.12,13 

Although meniscal preservation in ACL reconstruction in knees with combined 
ACL and medial meniscus injuries have the theoretical advantage of being 
protective to the articular cartilage, meniscectomy remains necessary for 
irreparable meniscal tears. In several clinical studies, ACL reconstruction with 
meniscectomy in combined ACL-and meniscus-injured knees has been reported to 
result in significant pain relief and functional improvement regardless of meniscal 
status.10,15-17 However, there are still debates on whether ACL reconstruction with 
meniscectomy in combined ACL and meniscus injuries can restore anteroposterior 
stability to the intact knee level. Few biomechanical studies have quantitatively in-
vestigated the effect of the ACL reconstruction on knee kinematics in combined 
ACL-and meniscus-deficient knees.18  

The purposes of this study were to determine the effect of subtotal medial 
meniscectomy on ACL-deficient knee kinematics and to quantify the effect of ACL 
reconstruction on kinematics of the knee with combined ACL deficiency and 
subtotal medial meniscectomy under anterior tibial and muscle loading conditions. 
We hypothesized that the subtotal medial meniscectomy affects the kinematics of 
ACL-deficient knee more at high flexion angles than at low flexion angles. We 
further hypothesized that ACL reconstruction in knee with combined ACL 
deficiency and subtotal medial meniscectomy can restore anterior tibial translation 
to the intact knee level. 
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Methods 

Eight fresh-frozen cadaveric human knee specimens from 6 male and 2 female 
donors with an average age of 60 years (ranges, 59 to 64 years) were used in this 
study. The specimens had been stored at –20°C before the testing and had been 
thawed at room temperature for 24 hours before the experiment was conducted. 
Each specimen was examined for osteoarthritis and ACL injury using fluoroscopy 
and the manual stability test. Specimens with either of these conditions were not 
used in this study. The femur and tibia were truncated approximately 25 cm from 
the joint line, with all the soft tissues (skin, knee ligaments, joint capsule, and 
musculature) around the knee intact. A bone screw was used to firmly secure the 
fibula to the tibia in its anatomic position. To facilitate fixation of the femur and 
tibia, the musculature surrounding the shafts was stripped. The tibial and femoral 
shafts were then secured in thick-walled aluminum cylinders using bone cement. 

A robotic testing system that can be operated under force and displacement control 
modes was used to study the knee biomechanics.19-21 The testing system consists of 
a robotic manipulator (Kawasaki Heavy Industry, Kobe, Japan) and a 6 degrees-of-
freedom load cell (JR3 Inc., Woodland, CA). Each specimen had been 
preconditioned manually by flexing the knee 10 times through its range of motion 
from full extension to full flexion before it was installed on the robotic testing 
system. After installing the specimen on the testing system, the coordinate systems 
of the joint were defined as previously described.19,22 The quadriceps muscles were 
attached to a rope using sutures, and the rope was passed through a pulley system 
mounted on the femoral clamp. In order to simulate quadriceps muscle loading, 
weights were hung on the free end of the rope. 

The robotic testing system was used to determine a passive flexion path of the knee 
in unloaded condition. The passive position is described as a position of the knee at 
which all resultant forces and moments at the knee center were minimal (< 5 N and 
< 0.5 N·m, respectively). The passive positions were determined from 0° to 90° in 
1° increments of knee flexion. These passive positions of the knee at each flexion 
angle were combined to describe the passive path of the knee between 0° to 90° of 
knee flexion. First, an anterior tibial load of 130 N was applied to the knee at 
selected flexion angles of 0°, 15°, 30°, 60°, and 90° along the passive flexion path. 
Next, a quadriceps muscle load of 400 N was independently applied to the knee at 
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the same selected flexion angles. The anterior load simulated clinical examinations 
such as the Lachman and anterior drawer tests. The quadriceps muscle loading was 
applied parallel to the femur shaft to simulate isometric extension of the knee. 
Under each of these loads, the robot manipulated the knee joint in 5 degrees-of-
freedom (with a constant selected flexion angle) until the applied forces were 
balanced by the knee. This position of the knee represented the kinematic response 
of the knee to the applied loads. 

After determination of kinematics in the intact knees, the ACL was transected 
through a small medial arthrotomy to represent an ACL-deficient condition. The 
arthrotomy and the skin were then repaired in layers by sutures. The kinematics of 
the ACL-deficient knee under the anterior tibial and quadriceps loads was 
measured again in the same manner as the intact knee at each selected flexion 
angle. 

Subtotal resection of the medial meniscus, removing the inner 80% of the body and 
posterior horn, was performed through a 3-cm long vertical incision posterior to the 
medial collateral ligament in a fashion described in previous studies (Figure 1).12,14 

Care was taken not to damage the posterior oblique ligament, which is important 
for rotational and posterior stability.23,24 The incision was then carefully closed in 
layers. The kinematics of knees with combined ACL deficiency and subtotal 
medial meniscectomy were determined under anterior tibial and quadriceps loads. 

 

 

 

Figure 1. Subtotal medial 
meniscectomy. The dotted line shows 
the line of subtotal meniscectomy. 
(LM, lateral meniscus; MM, medial 
meniscus.) 
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In the next step, the ACL was reconstructed using a previously reported 2-incision 
technique.25 A 10-mm wide bone–patellar tendon–bone (BPTB) graft was used for 
ACL reconstruction, which was harvested from the same specimen. The tibial 
tunnel was made 7 mm anterior to the posterior cruciate ligament (PCL) and the 
femoral tunnel was made at the 11 or 1 o’clock position of the lateral femoral 
condyle. The femoral bone plug was fixed using an interference screw through 
lateral skin incision. Following the posterior tibial load of 40 N, the tibial bone 
plug was also secured with an interference screw at full extension with 40 N of 
axial graft tension. The arthrotomy and the skin were then repaired using sutures, 
and the kinematics of the ACL-reconstructed knee with subtotal medial 
meniscectomy was determined using the same protocol as described above. This 
protocol allowed us to compare the kinematics of the same knee in 4 different 
conditions.  

Because the study was designed for a within-subject analysis of knee kinematics on 
the same knee under 4 different conditions, a repeated measures analysis of 
variance (ANOVA) test was used to detect statistically significant differences in 
kinematics of the knee among the 4 different conditions. We also used a repeated 
measures ANOVA test to determine the effect of knee flexion angles on 
kinematics. When significant differences were found, paired comparisons were 
made using the Student-Newman-Keuls test. Differences were considered 
statistically significant at P < .05. 

Results 

Effect of ACL Deficiency on the Kinematics in the Meniscus-Intact Knees 

The anterior tibial translation under the anterior tibial load in ACL-deficient knees 
was significantly larger than in the intact knee at all selected flexion angles (P < 
.05). The anterior tibial translation of the ACL-deficient knee increased until 30° of 
flexion and decreased thereafter (Table 1 and Figure 2). Under the muscle load, 
anterior tibial translation in the ACL-deficient knee was larger than in the intact 
knee at 0° to 30° of flexion (P < .05; Figure 3). 
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Table 1. Average Percentage Increase of Anterior Tibial Translations in Different 
Conditions From Intact Knee Under Anterior Tibial Load. 

Flexion Angles	  (deg)	   ACL-‐Def ACL-‐Def/MME ACL-‐Recon/MME 
0 186.20% 221.13% 54.52% 

15 157.56% 207.61% 61.05% 
30 162.85% 226.63% 70.30% 
60 126.79% 257.89% 93.15% 
90 116.62% 242.78% 83.11% 

Abbreviations: Def, deficient; MME, medial meniscectomy; Recon, reconstruction. 
 

Figure 2. Anterior translation of 
the tibia under anterior load in 4 
different conditions. Statistical 
significances were noted between 
ACL-Intact and ACL-Def groups 
and the ACL-Def/MME and ACL-
Recon/MME groups at all flexion 
angles. An asterisk represents 
statistical significance (P < .05); 
error bars represent the standard 
deviation. (ACL, anterior cruciate 
ligament; Def, deficient; MME, 
medial meniscectomy; Recon, 
reconstruction) 

Effect of Subtotal Medial Meniscectomy on the Kinematics in ACL-Deficient Knees 

Subtotal medial meniscectomy in ACL-deficient knees resulted in an additional 
increase of anterior tibial translation at all flexion angles except 0° under anterior 
tibial load (P < .05). These increases of anterior tibial translation were different 
depending on the flexion angle, from a minimum of 1.4 ± 1.0 mm at 0° to a 
maximum of 7.4 ± 3.3 mm at 60° of flexion and 6.4 ± 2.7 mm at 90° of flexion 
(Figure 2). Under the muscle load, subtotal medial meniscectomy in ACL-deficient 
knees showed a similar effect on anterior translation and anterior load, but only at 
low flexion angles (0° to 30°; Figure 3). 

The tibia of the knee with subtotal medial meniscectomy significantly shifted 
laterally from 30° to 90° of flexion with a maximum of 4.8 ± 3.2 mm at 60° of 
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Figure 3. Anterior translation of 
the tibia under muscle load in 4 
different conditions. Statistical 
significances were noted between 
ACL-Intact and ACL-Def groups 
and the ACL-Def/MME and ACL-
Recon/MME groups at 0° to 30° 
of flexion. An asterisk represents 
statistical significance (P < .05); 
error bars represent the standard 
deviation. (ACL, anterior cruciate 
ligament; Def, deficient; MME, 
medial meniscectomy; Recon, 
reconstruction) 

 

flexion under anterior tibial load (P < .05). These changes in medial–lateral 
translation after meniscectomy were significant at high flexion (≥ 60°) than at low 
flexion angles (≤ 15°; Figure 4). Under the muscle load, the tibia significantly 
shifted laterally at 0° to 60° of flexion after subtotal medial meniscectomy (P < .05; 
Figure 5). 

 

Figure 4. Medial (below the X-
axis) and lateral (above the X-
axis) translation of the tibia under 
anterior load in 4 different 
conditions. An asterisk represents 
statistical significance (P < .05); 
error bars represent the standard 
deviation. (ACL, anterior cruciate 
ligament; Def, deficient; MME, 
medial meniscectomy; Recon, 
reconstruction) 

 

Internal tibial rotation under the anterior load after subtotal medial meniscectomy 
slightly decreased at all selected flexion angles, showing no statistical significant 
differences (P > .05; Table 2). Under the muscle load, no significant changes in the 
pattern of internal rotation were detected (P > .05; Table 3). 
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Table 2. Rotation of the Tibia Under Anterior Tibial Load in 4 Different Conditions. (mean 
± SD [deg]) Values of Internal (+)/ External (–).  

Flexion 
Angles ACL-Intact ACL-Def ACL-Def/MME ACL-Recon/MME 

0 –0.1 ± 4.0 0.6 ± 2.7 0.5 ± 2.7 1.9 ± 9.3 
15 1.7 ± 5.2 2.6 ± 2.5 2.0 ± 2.2 2.7 ± 11.2 
30 2.3 ± 5.8 2.0 ± 3.1 0.7 ± 3.4 2.4 ± 12.1 
60 2.6 ± 2.4 0.8 ± 5.3 –3.7 ± 7.9 0.6 ± 8.6 
90 1.9 ± 2.7 1.8 ± 6.1 –2.1 ± 8.8 1.9 ± 6.6 

Note. There were no significant differences between the groups at all selected flexion angles.  
Abbreviations: Def, deficient; MME, medial meniscectomy; Recon, reconstruction. 
 

Effect of ACL Reconstruction on the Kinematics in Knees with Combined ACL 
Deficiency and Subtotal Medial Meniscectomy 

ACL reconstruction significantly reduced the anterior tibial translation at all flexion 
angles under the anterior tibial load and at 0° to 30° of flexion under the muscle 
load (P < .05; Figure 2). This effect was greatest at 30° of flexion under both loads 
(from 25.6 ± 2.7 mm to 13.3 ± 2.0 mm under the anterior tibial and from 15.4 ± 3.0 
mm to 10.1 ± 2.8 mm under the muscle loads; Figures 2 and 3). However, the 
anterior translation after ACL reconstruction in the knee with subtotal medial 
meniscectomy was higher than the intact knee (P < .05). The range of this 
difference under the anterior tibial load was 2.6 ± 1.0 mm (55% larger than intact 
knee level) at 0° to 5.5 ± 2.7 mm at 60° of flexion (93% larger than intact knee 
level; P < .05; Figure 2 and Table 1). 

 

Figure 5. Medial (below the X-
axis) and lateral (above the X-
axis) translation of the tibia under 
muscle load in 4 different condi-
tions. An asterisk represents sta-
tistical significance (P < .05); 
error bars represent the standard 
deviation. (ACL, anterior cruciate 
ligament; Def, deficient; MME, 
medial meniscectomy; Recon, 
reconstruction) 
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The medial–lateral translation of the knee after ACL reconstruction was not shown 
to be significantly affected under either the anterior tibial load or the muscle load 
(Figures 4 and 5). The mean value of internal rotation was slightly increased after 
ACL reconstruction under the anterior tibial load, but was not statistically 
significant (P < .05; Table 2). ACL reconstruction did not significantly affect the 
internal rotation under the muscle loads (P < .05; Table 3). 
 

 

Table 3. Rotation of the Tibia Under Muscle Load in 4 Different Conditions. (mean ± SD 
[deg]) Values of Internal (+)/ External (–). 

Flexion 
Angles ACL-Intact ACL-Def ACL-Def/MME ACL-Recon/MME 

0 3.3 ± 1.6 3.3 ± 1.3 4.0 ± 3.3 3.2 ± 3.4 
15 9.2 ± 2.4 9.7 ± 2.6 9.0 ± 2.9 8.0 ± 4.9 
30 10.4 ± 3.0 9.7 ± 2.5 10.4 ± 3.6 8.5 ± 6.2 
60 5.6 ± 3.2 3.5 ± 3.0 6.5 ± 7.7 5.2 ± 6.8 
90 1.7 ± 1.4 0.8 ± 1.3 2.5 ± 4.4 1.4 ± 4.8 

Note. There were no significant differences between the groups at all selected flexion angles.  
Abbreviations: Def, deficient; MME, medial meniscectomy; Recon, reconstruction. 
 

Discussion 

This biomechanical study showed that subtotal medial meniscectomy in ACL-
deficient knees increased anterior translation and lateral shift of the tibia. The effect 
of subtotal medial meniscectomy was larger at higher flexion angles than at lower 
flexion angles. ACL reconstruction using a BPTB graft significantly reduced 
anterior tibial translation at all flexion angles in knees with combined ACL 
deficiency and subtotal medial meniscectomy. However, ACL reconstruction alone 
was not able to restore the kinematics to the intact level. In addition, no significant 
improvement was observed in the lateral shift and internal rotation of the tibia after 
ACL reconstruction. 

There are several studies in the literature showing the importance of the medial 
meniscus in limiting anterior tibial translation in response to anterior tibial load in 
ACL-deficient knees.12-14 Our data showed that subtotal medial meniscectomy in 
ACL-deficient knees increased anterior tibial translation at all flexion angles under 
the anterior tibial load; this is consistent with previously published studies in the 
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literature.12,13 In an earlier in vitro study using a dynamic knee stiffness apparatus,26 

Levy et al.13 also did not detect a significant effect of medial meniscectomy on 
tibial rotation in ACL-deficient knees. Allen et al.12 showed that medial 
meniscectomy in ACL-deficient knees decreased internal rotation under the 
anterior tibial load. Even though our data showed a similar trend in tibial rotation 
after subtotal medial meniscectomy in ACL-deficient knees, no significant effect 
was observed. However, a quantitative comparison with these studies is difficult, 
because the loading conditions were not directly comparable and the point of 
application of the anterior tibial loads may not be consistent among these studies. 

Our data show that ACL reconstruction in knees with combined ACL deficiency 
and subtotal medial meniscectomy significantly reduces anterior tibial translation at 
all flexion angles. However, anterior tibial translation was not restored to the intact 
level under the anterior load and the muscle load. These data were not consistent 
with the in vitro findings of Papageorgiou et al.,18 who reported that meniscectomy 
did not have any significant effect on anterior tibial translation in ACL 
reconstructed knees. However, their experimental protocol and loading conditions 
were different from those in our experiment. Their meniscectomy was performed in 
the ACL reconstructed knee and the knee was tested under a combined 134 N 
anterior and 200 N axial compressive load. We evaluated the effect of ACL 
reconstruction in knees with combined ACL deficiency and subtotal meniscectomy 
under an anterior tibial load without compressive load to simulate an anterior 
drawer test. The differences in experimental protocol made a direct comparison 
difficult. 

No previous studies have discussed the effect of subtotal medial meniscectomy in 
ACL-deficient knees on medial–lateral translation of the knee. In this study, we 
noted that subtotal medial meniscectomy in the ACL-deficient knee resulted in a 
lateral shift of the tibia at high flexion angles (30° to 90°) under the anterior tibial 
load and at 0° to 30° of flexion under the quadriceps load, indicating that the 
medial meniscus also resists lateral tibial translation. It has been shown that the 
altered medial–lateral kinematics might shift the tibiofemoral articular cartilage 
contact away from the normal articular locations in addition to the increased 
cartilage-to-cartilage contact after meniscectomy.27 The altered contact 



Chapter 7 

134 

biomechanics of the knee resulted from meniscectomy and kinematics alteration 
may be deleterious to cartilage and possibly initiate degeneration of the joint.28 

Tibial rotational and lateral shift patterns were not significantly changed after ACL 
reconstruction in the knee with ACL deficiency and subtotal medial meniscectomy. 
These results suggested that isolated ACL reconstruction may not restore the 
normal tibio–femoral articular contact kinematics in knees with combined ACL 
deficiency and subtotal medial meniscectomy. A future investigation is required to 
examine the effect of combined ACL reconstruction and meniscus repair on 
kinematics of the knee with combined ACL deficiency and medial meniscus injury. 

This study has certain limitations. We only studied the knee kinematics under an 
anterior tibial load and a simulated quadriceps load. Kinematics under other 
physiologic loading conditions, such as axial tibial compression and muscle co-
contraction loads, were not investigated. We used an open technique to resect the 
ACL and to perform medial meniscectomy. Although incision and repair of the 
arthrotomy were performed carefully to avoid a potential bias from alteration of 
capsular tension, the open technique, especially posteromedial arthrotomy, may 
potentially affect knee kinematics in rotation and posterior translation.23,24 

However, for repeatable resection of specific regions of medial meniscus, it was 
required to completely visualize the medial meniscus, which is not possible in the 
installed position on the robotic testing system. This technique has been used in 
other cadaveric studies in the literature.12,14  

In this study, we used a reconstruction technique, which has been shown to result 
in clinically satisfactory anterior stability of the knee with isolated ACL injury in 
previous studies.10,16,18,22 Therefore, we did not test the effect of ACL 
reconstruction in restoration of anterior stability of the knee with intact meniscus. 
This was to avoid reconstruction of the knee twice using the same BPTB graft, 
which may cause both graft and tunnel damage. Finally, we did not examine the in 
situ forces of the ACL and ACL graft. Future studies should investigate the effect 
of different reconstruction techniques using hamstring graft or double-bundle ACL 
reconstruction on the knee kinematics and in situ forces in the ACL and ACL graft 
in knees with combined ACL injury and meniscectomy. Nevertheless, this study 
was the first study that provided quantitative data on the effect of the ACL 
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reconstruction on the kinematics of the knee with combined ACL deficiency and 
subtotal medial meniscectomy under anterior tibial and quadriceps loads. 

Conclusion 

Subtotal medial meniscectomy in knees with ACL deficiency altered knee 
kinematics, especially at high flexion angles. ACL reconstruction significantly re-
duced the increased tibial translation in knees with combined ACL deficiency and 
subtotal medial meniscectomy, but could not restore the knee kinematics to the 
intact knee level. 
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Abstract 

Failure to diagnose injury to the posterolateral structures has been found to increase 
the forces experienced by the anterior cruciate ligament (ACL) and ACL grafts 
which may cause their subsequent failure. An isolated injury to the popliteus 
complex (PC) consisting of the popliteus tendon and popliteofibular ligament is not 
uncommon. Therefore, the purpose of this study was to discover if an isolated 
injury to the PC can significantly affect the forces experienced by the ACL graft 
under external loading conditions. We hypothesized that, under external tibial 
torque, the ACL graft will experience a significant increase in force, in knees with 
PC injury compared to the intact PC condition. Under varus tibial torque (10 N.m), 
we observed minimal changes in the varus tibial rotation due to isolated sectioning 
of the PC in an ACL reconstructed knee (P > .05). Consequently, no significant 
increase in the ACL graft force was observed under varus tibial torque. In contrast, 
sectioning the PC resulted in a significant increase in the external tibial rotation 
compared to the intact PC knee condition under the external rotational tibial torque 
(5 N.m) at all flexion angles (P < .05). These changes in kinematics under external 
tibial torque were manifested as elevated ACL graft forces at all selected flexion 
angles (P < .05). Prompt diagnosis of isolated PC injury and its treatment are 
warranted to prevent potential failure of ACL reconstruction. 
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Introduction 

As a unit, the posterolateral structures (PLS) are known to primarily resist tibial 
varus and external rotations and posterior translation1–3. Injury to the PLS is 
manifested as posterolateral rotational instability. Patients with these injuries often 
complain about their knee “giving way backward” and report difficulty in stair 
accent and descent4. While isolated injuries to the PLS are less common (28%)5, 
about 29–89% of the patients injure their PLS in conjunction with the anterior 
cruciate ligament (ACL) or posterior cruciate ligament (PCL) or both4, 6–9. Failure 
to diagnose the injury to the PLS has been found to increase the forces experienced 
by the ACL and ACL grafts and lead to their subsequent failure10, 11. Hence, 
recently more rigorous examination for posterolateral injuries and their treatment 
has been emphasized.  

Load sharing patterns of intact ACL and PCL in knees with uninjured and 
combined injury of lateral collateral ligament (LCL) and PLS were investigated in 
a cadaver model under various external loading conditions10. This study 
demonstrated that sectioning of LCL and PLS increased the forces in the ACL 
under both varus and internal tibial torques. Further, LaPrade et al. 11 studied the 
effect of grade III injuries to the PLS [sequential sectioning of LCL, popliteofibular 
ligament (PFL) and popliteus tendon (PT)] on the force experienced by the ACL 
grafts. They found that sectioning the LCL increased the forces in the ACL graft 
both under varus and combined varus and internal torques. Additional sectioning of 
the PFL and PT further elevated the ACL graft forces under the two loading 
conditions. However, PLS function as a unit with complex interactions between the 
individual structures2, 3. Therefore, the sequence of sectioning the PLS can mask 
critical roles of some individual structures. 

An isolated injury to the popliteus complex (PC) consisting of the PT and PFL is 
not uncommon12–16. In a prospective study by LaPrade et al.5 it has been reported 
that only 23% of the posterolateral corner injured patients had an LCL injury. 
Despite their common incidence, it is believed that PC injuries are less commonly 
diagnosed16. Sectioning studies of the ligamentous structures of the posterolateral 
corner identified that the stabilizing function of the PC is to resist external tibial 
rotation and posterior tibial translation2, 17, 18. External tibial rotation due to the 
external tibial torque, generated during pivoting or twisting activities, in a PC 
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injured knee could potentially cause ACL graft impingement against the 
intercondylar notch and hence lead to an elevated risk of its failure. Therefore, the 
purpose of this study was to evaluate, by using a robotic testing system, whether an 
isolated injury to the PC can significantly affect the forces experienced by the ACL 
graft under external loading conditions. We hypothesised that, under external tibial 
torque, the ACL graft will experience a significant increase in force, in knees with 
PC injury compared to the intact PC condition. 

Methods 

Eight fresh-frozen cadaveric human knee specimens from six male and two female 
donors (age range of 47 to 60 years) were tested in this study. Each knee was 
examined for evidence of previous operations, ligamentous injuries or osteoarthritis 
using fluoroscopy and manual laxity test. Specimens with any of these conditions 
were excluded from the study. The experiment began by thawing the specimens 
(which were frozen at −20°C) for 24 hours at room temperature prior to the testing. 
After the specimens were completely thawed, they were further prepared for the 
experiment by truncating the femur and tibia at approximately 25 cm from the joint 
line, leaving all the soft tissues (skin, knee ligaments, joint capsule and 
musculature) around the knee intact. The diaphyses of the femur and tibia were 
exposed by stripping off the surrounding musculature and were then secured in 
thick-walled aluminum cylinders using bone cement. A bone screw was used to 
firmly secure the fibula to the tibia in its anatomical position. 

The ACL of the intact knee was resected through a small medial arthrotomy under 
arthroscopic guidance to simulate an ACL deficient knee condition. ACL 
reconstruction was then performed using arthroscopically assisted techniques by a 
single surgeon. For the ACL reconstruction, semitendinosus and gracilis tendons 
were harvested from the specimen and used as the graft material. The harvested 
grafts were pre-tensioned on a graft preparation board (DePuy Mitek, Raynham, 
MA, USA) with 20 lb of force for approximately 20 min. First, the tibial tunnel 
was formed at the centre of the ACL remnant through the anteromedial surface of 
the tibia at the level of the tibial tubercle using a tibial guide (DePuy Mitek, 
Raynham, MA, USA) set at 55°. The femoral tunnel was then prepared by first 
placing a K-wire into the lateral femoral condyle at the 1:30 or 10:30 o’clock 
position through the anteromedial portal with the knee flexed to 120°. An offset 
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guide was used to place the K-wire such that a 2-mm posterior wall was intact after 
the femoral tunnel was reamed. With the inserted K-wire as the reference, a 
femoral tunnel was reamed to the lateral cortex of the distal femur using a 4.5-mm 
ENDOBUTTON drill (Smith & Nephew Endoscopy, Andover, MA, USA). 
Further, a 30-mm long femoral socket was then created by a cannulated reamer that 
matched the prepared graft diameter. The prepared quadruple hamstrings graft was 
then secured by an ENDOBUTTON CL (Smith & Nephew Endoscopy, Andover, 
MA, USA) on the lateral cortex of the femur followed by the fixation at the tibial 
end by a tibial INTRAFIX system (DePuy Mitek, Raynham, MA, USA) while a 40 
N axial graft tension was maintained at full extension. After the graft was fixed at 
both ends, arthrotomy and skin incisions were repaired with sutures.  

The specimen was then secured on a robotic testing system comprising a robotic 
arm and a load cell. The end effector of the robotic arm is capable of 6 df motion 
and the load cell can measure three components of forces and moments. This 
system can be operated under both force and displacement control modes to study 
the knee biomechanics. The operation of the robotic testing system has been 
detailed in several studies in the literature19, 20. 

The testing process began by determining a passive flexion path of the ACL 
reconstructed knee from 0 to 120° of flexion in 1° increments of knee flexion. The 
passive position is described as a position of the knee when all resultant forces and 
moments at the knee centre were minimal (< 5 N and < 0.5 N.m, respectively). 
Following the determination of the passive path, each knee was subjected to two 
different external loading conditions (10 N.m varus tibial torque and 5 N.m 
external tibial torque) by the robotic testing system at selected flexion angles of 0°, 
30°, 60° and 90°. The kinematic responses of the ACL reconstructed knee with the 
PC intact were recorded at each selected flexion angle under both external loading 
conditions. 

To simulate an isolated PC injury, the PT was resected at its femoral insertion site 
using a scalpel. The incision that was made to access the PT was then closed by 
sutures. The kinematics of the ACL reconstructed knee with intact PC were 
replayed and the resulting knee joint forces (A) were recorded. The ACL 
reconstructed knee with an injury to the PC was again tested under the two external 
loading conditions at all selected flexion angles and the kinematic responses, knee 
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joint forces (C), were recorded. The ACL graft was then released and the 
kinematics of the ACL reconstructed knee with intact PC were replayed to measure 
the knee joint forces (B). Finally, the kinematics of the ACL reconstructed knee 
with isolated PC injury were replayed to record the knee joint force (D). The 
method of superposition21, 22 was used to calculate the forces experienced by the 
ACL graft before and after the PC injury. The forces experienced by the ACL graft 
with the PC intact are calculated as the difference between the forces A and B 
(Figure 1). Similarly, the forces experienced by the ACL graft with an injury to the 
PC are calculated as the difference between the forces C and D (Figure 1). 

 

 

 

Figure 1. Flowchart of 
the process for measuring 
the ACL graft forces 
before and after PC 
injury. 

 

 

In this study, each knee was tested twice before and after injury to the PC which 
facilities a within-subjects statistical analysis of knee kinematics and the ACL graft 
forces. The paired t test was used to detect statistically significant differences in the 
kinematic responses of the knee and the forces experienced by the ACL graft under 
the two knee conditions at each of the selected flexion angles. Further, a one-way 
repeated measures analysis of variance (ANOVA) was used to study the effect of 
the flexion angle on the kinematics and the ACL graft forces. Differences were 
considered statistically significant at P < .05. 

Results 

Varus tibial torque (10 N.m)  

Isolated sectioning of the PC in an ACL reconstructed knee did not significantly 
affect the varus tibial rotation between 0° and 30° of flexion (Figure 2, P > .05). 
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Although the varus tibial rotations were significantly increased following the 
isolated sectioning of the PC at 60° and 90° of flexion (P < .05), the maximum 
increase in varus tibial rotation which occurred at 90° of flexion was 0.7 ± 0.5°. 
Varus tibial torque induced a significant increase in coupled external tibial rotation 
between 60° and 90° of flexion due to isolated sectioning of the PC (Table 1, P < 
.05). No significant changes in the anterior-posterior and medial-lateral translations 
were observed following isolated sectioning of the PC (Table 1). Under varus tibial 
torque, isolated sectioning of the PC did not significantly increase the ACL graft 
forces at any of the selected flexion angles (Figure 3, P > .05). 

 

 

 

Figure 2. Varus tibial rotations 
of PC intact and PC deficient 
knee under varus tibial torque. 
*Significant difference 
compared to the intact PC knee 
condition (P < .05). 

 

 

 
 

Table 1. Kinematics (mean ± SD) of Tibia with Respect to Femur Under Varus Tibial 
Torque (10 N.m). 

Flexion 
Angle 
(deg) 

(-)Anterior/ (+)Posterior 
(mm)  

(-)Medial/ (+)Lateral 
(mm)  

(-)Internal/ (+)External 
(deg) 

        
Intact PC PC 

Deficient  Intact PC PC 
Deficient  Intact PC PC 

Deficient 
0 -0.8 ± 2.1 -1.4 ± 2.0*  1.3 ± 1.5 1.3 ± 1.5  3.7 ± 4.7 4.3 ± 4.6 

30 -1.2 ± 2.3 -1.5 ± 2.7  2.1 ± 1.4 2.1 ± 1.6  4.1 ± 5.8 4.9 ± 6.1 
60 -1.9 ± 1.3 -1.9 ± 1.6  2.4 ± 1.3 2.6 ± 1.3  3.9 ± 4.1 5.9 ± 5.4* 
90 -2.3 ± 1.7 -1.9 ±  2.0  2.3 ± 1.4 2.8 ± 1.3  4.5 ± 4.1 7.2 ± 4.3* 

*Significant difference compared to the intact PC knee condition (P < .05) 
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Figure 3. ACL graft forces in 
PC intact and PC deficient knee 
under varus tibial torque. 

 

 

 

External tibial torque (5 N.m)  

External tibial rotations were significantly increased at all selected flexion angles 
due to isolated sectioning of the PC compared to the intact PC knee condition 
(Figure 4, P < .05). Increases in the amount of external tibial rotations after isolated 
sectioning of the PC were significantly larger at high flexion angles (≥ 60°) than at 
low flexion angles (≤ 30°). The maximum increase in external rotation of 5.6 ± 
2.6° occurred at 90° of flexion. Further, isolated sectioning of the PC induced a 
significant coupled posterior tibial translation and significantly increased the 
coupled varus tibial rotation at 60° and 90° of flexion (Table 2, P < .05).  

 

 

 

 

Figure 4. External tibial 
rotations of PC intact and PC 
deficient knee under external 
tibial torque. *Significant 
difference compared to the intact 
PC knee condition (P < .05). 
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The ACL graft forces were significantly increased at all selected flexion angles 
after isolated sectioning of the PC compared to the intact PC knee condition 
(Figure 5, P < .05). The increase in the ACL graft forces ranged from 20 ± 16 N at 
60° of flexion to 29 ± 26 N at 0° of flexion. 

 
Table 2. Kinematics (mean ± SD) of Tibia with Respect to Femur Under External Tibial 
Torque (5 N.m). 

Flexion 
Angle 
(deg) 

(-)Anterior/ (+)Posterior 
(mm)  

(-)Medial/ (+)Lateral 
(mm)  

(-)Valgus/ (+)Varus 
(deg) 

        
Intact PC PC 

Deficient  Intact PC PC 
Deficient  Intact PC PC 

Deficient 
0 -2.1 ± 1.5 -2.7 ± 1.6*  -0.1 ± 1.5 -0.2 ± 1.7  0.4 ± 1.8 0.5 ± 1.8* 

30 -2.5 ± 2.0 -2.3 ± 2.0  0.5 ± 1.5 0.4 ± 1.7  0.5 ± 1.3 0.7 ± 1.5 
60 -0.8 ± 0.8 0.2 ± 1.4*  0.4 ± 1.6 0.6 ± 2.1  0.5 ± 1.0 0.9 ± 1.4* 
90 -0.4 ± 0.9 0.9 ± 1.7*  0.9 ± 2.1 1.5 ± 2.7  1.2 ± 1.6 2.2 ± 2.3* 

*Significant difference compared to the intact PC knee condition (P < .05) 
 

 

 

 

 

Figure 5. ACL graft forces in 
PC intact and PC deficient knee 
under external tibial torque. 
*Significant difference 
compared to the intact PC knee 
condition (P < .05). 
 

 

Discussion 

Incidences of isolated injuries to the PC are believed to be more common than they 
are generally diagnosed. Undiagnosed and hence untreated injuries to the PC could 
result in subsequent failure of ACL reconstructions. In this investigation, we 
observed minimal changes in the varus tibial rotation due to isolated PC injury in 
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an ACL reconstructed knee under varus tibial torque. Consequently, no significant 
increase in the ACL graft force was observed due to isolated sectioning of the PC 
under varus tibial torque. On the contrary, isolated sectioning of the PC 
significantly increased the external tibial rotations at all selected flexion angles 
compared to the intact PC knee condition under external tibial torque. These 
changes in kinematics under external tibial torque due to isolated sectioning of the 
PC were manifested as elevated ACL graft forces at all selected flexion angles.  

Consistent with the literature, the results of this study demonstrated that the PC is 
not the primary restraint to varus rotation3, 17. Isolated sectioning of the PC in an 
ACL reconstructed knee did not significantly affect either the varus tibial rotation 
or the ACL graft force under varus tibial torque. However, secondary sectioning of 
the PC following other ligamentous structures such as the LCL, PCL, PFL and/or 
posterolateral capsule have been reported to significantly increase the varus tibial 
rotations11, 17. Further, this secondary increase in the varus tibial rotations has been 
shown to elevate the ACL graft forces11. These results demonstrate the complexity 
in the function of the PLS as knee stabilizers. While sequential sectioning studies 
have provided significant knowledge about the stabilizing function of the PLS, 
some critical stabilizing roles of these structures may have been masked by the 
sequence in which they were sectioned. Therefore, it is imperative to accurately 
diagnose injuries to all of the structures and hence provide an appropriate treatment 
to restore the normal joint function. 

Several studies have demonstrated that the PC is an important stabilizer of tibial 
external rotation3, 17, 23. The results of this study are in agreement with the previous 
literature. We found that the external tibial rotations were significantly increased at 
all selected flexion angles due to isolated sectioning of the PC compared to the 
intact PC knee condition in ACL reconstructed knees. The maximum increase in 
external rotation of 5.6 ± 2.6° occurred at 90° of flexion. Similarly, Pasque et al.17 
reported an increase of 5–6° in external rotation following isolated sectioning of 
the PC under 5 N.m external tibial torque from 30° to 120° of flexion. Further, our 
results demonstrated a significantly greater increase in the external rotation due to 
isolated sectioning of the PC at high flexion angles (≥ 60°) than at low flexion 
angles (≤ 30°). Based on the results of their study, LaPrade et al.3 proposed that the 
LCL and PC had a complementary function in resisting external tibial rotations, 
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with a greater role of the LCL at low flexion angles and the PC at high flexion 
angles. Greater increases in external rotations at high compared to low flexion 
angles, following isolated sectioning of the PC, observed in this study, further 
reinforce the concept of complementary functions of the LCL and PC in resisting 
external tibial rotations. 

ACL grafts in our study experienced elevated forces at all selected flexion angles 
under the external tibial torque due to PC deficiency. The percentage of increase in 
the ACL graft forces ranges from 98% at 0° of flexion to 229% at 90° of flexion. 
However, in contrast to our results, LaPrade et al.11 and Markolf et al.10 found that 
the ACL and ACL graft were unloaded (decrease in ACL and ACL graft forces) 
under external tibial torque, when the LCL and PC or LCL and posterolateral 
capsular structures were sectioned. While there is no obvious explanation for the 
discrepancy observed between these studies and our results, critical factors such as 
the differences in the loading conditions, sequence of sectioning the PLS and 
coupled motions under external tibial torque may have contributed. Numerous 
studies have explored the mechanics of noncontact ACL injuries in athletes to 
identify the precise kinematics that predispose the ACL to extreme tensile loads 
leading to its subsequent failure24–28. The evidence from these studies has 
associated excessive tibial combined valgus and external/internal rotations to be the 
most detrimental motion pattern to the ACL. Further, excessive external rotation 
has been shown to result in ACL impingement against the intercondylar notch 
causing an increase in ACL strain29. This prior knowledge about the increased risk 
of ACL injury due to external tibial rotation, integrated with the results of this 
study, elucidates the importance of accurate diagnoses of PC injury and its 
subsequent treatment to avoid future complications. 

Prior to conclusive interpretation of the results of this study, limitations of this 
study need to be considered. Combined loading (valgus and external) is proposed 
to be the more detrimental and common occurrence than pure external torque at the 
time of ACL injury. However, since our goal was to estimate the forces 
experienced by the ACL graft due to isolated injury to the PC, we chose to apply a 
pure external torque. Secondly, in this study we did not evaluate the ACL graft 
forces under weight-bearing conditions. It has been reported that external torque 
under weight-bearing conditions may have a greater effect on the ACL strain than 
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under non-weight-bearing conditions30, 31. However, we believe that our results 
represent a conservative estimate of the elevated forces in the PC under external 
tibial torque and these forces may further increase under weight-bearing or 
combined loading conditions. Further, we did not evaluate the effect of graft source 
and the tunnel positions on the forces experienced by the ACL graft. Future 
investigations are needed to study the effect of these parameters and the effect of 
isolated PC injury on the medial collateral ligament. 

Conclusion 

This study demonstrated that isolated injury to the PC has minimal effect on the 
varus stability under varus tibial load but can significantly increase the external 
tibial rotation and ACL graft forces under external tibial torque. Prompt diagnosis 
of isolated PC injury and its treatment are warranted to prevent potential failure of 
ACL reconstruction. 
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General Discussion 

Anterior cruciate ligament reconstruction has been widely accepted as the standard 
of care for patients who sustain an ACL rupture. It is considered to minimize the 
risk of further meniscal and chondral injuries, restore the pre-injury level of 
activity, and to prevent posttraumatic osteoarthritis.1-3 Although ACL 
reconstruction has been shown to reduce the risk of secondary meniscal tears, large 
percentage of ACL reconstructed patients show radiographic evidence of 
osteoarthritis after surgery4-6 and only 66 to 76% of the patients return to their pre-
injury level of activities.7,8 In addition, repeated episodes of giving-way with high-
demand and daily living activities is often cited as a concern to ACL reconstructed 
patients.3,9-11 Despite significant improvements, widely practiced surgical 
techniques have yet to prove their efficacy in completely restoring the normal knee 
joint function and in preventing long-term joint degeneration.  

The etiology of suboptimal outcomes following ACL reconstruction is unknown.2 
A systematic approach to identify and understand factors’ influencing clinical 
outcomes is paramount for the effective management of ACL injured patients. In 
this thesis, we focused our efforts to study the role of two integral factors, broadly 
categorized into surgical techniques and co-morbidities, on knee joint 
biomechanics. Each of these factors has been studied with a unifying theme, to 
gather evidence in an attempt to establish improved treatment strategies that can 
restore normal joint function. 

As the efforts to improve surgical techniques for a ruptured ACL continues in 
sports medicine, the benefits and challenges of switching from the conventional 
single-bundle ACL reconstruction to double-bundle ACL reconstruction has been a 
subject of intense debate in the literature.12-14 Proponents of double-bundle 
reconstruction have emphasized the importance of reconstructing both functional 
bundles of the ACL to restore knee joint stability comprehensively.14 While the 
importance of anatomical reconstruction is widely accepted, opponents of double-
bundle have criticized this technique for being technically challenging, with 
increased risk for complication, and most importantly a lack of conclusive evidence 
on its superiority in providing improved clinical outcomes.13,14 Through our 
systematic review of literature and meta-analysis, we quantitatively integrated the 
available evidence on the efficacy of single- and double-bundle ACL 
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reconstruction techniques in restoring normal joint laxity among in vitro and intra-
operative biomechanical studies.15 Our meta-analysis demonstrated that there is no 
significant difference in anteroposterior laxity between the two treatment options 
for ACL injury at 0°, 30°, 60°, and 90° of flexion. With regard to rotational 
laxities, we were unable to perform a quantitative meta-analysis due to the 
disparate measurements and experimental designs among the biomechanical 
studies. Qualitatively, we found that double-bundle ACL reconstruction was 
reported to provide greater rotational stability than single-bundle ACL 
reconstruction in four of the included studies and the other five studies found no 
significant difference between them. These results corroborate the findings of 
Meredick et al, who found no clinically significant differences in anteroposterior 
stability and pivot-shift testing in their meta-analysis of clinical outcome studies.13 
In spite of this evidence, limitations of the included studies in the meta-analysis 
often undermine the findings of the analysis, resulting in incomprehensive 
evidence on the treatment effectiveness. To elucidate the indications for an 
appropriate treatment modality and to settle the debate on whether to perform 
single- or double-bundle reconstruction, well-designed, large, high-quality 
randomized controlled trials, should be undertaking in the future.12 More emphasis 
needs to be placed on identifying new clinical tools that can quantitatively measure 
rotational stability. 

In an effort to minimize procedural complications while providing uncompromised 
joint stability, innovative techniques have been proposed to reproduce the two 
bundles of the ACL using conventional single tibial and femoral tunnels.16-19 One 
such technique is the single-tunnel–double-bundle reconstruction.20,21 To evaluate 
the efficacy of these reconstruction techniques, we used a robotic testing system to 
measure and compare the kinematics of cadaveric knee joints following single-
tunnel–double-bundle and conventional single-bundle ACL reconstructions.20,21 
The results of these studies (Chapters 3 and 4) demonstrated that single-tunnel-
double-bundle ACL reconstruction technique using AperFix implant (Cayenne 
Medical, Scottsdale, Arizona) which separates the hamstring tendon graft into two 
bundles, closely restored normal anterior laxity at flexion angles less than or equal 
to 30°. However, this reconstruction over-constrained the knee joint at flexion 
angles greater than or equal to 60° under anterior tibial load and simulated 
quadriceps load. Further, this reconstruction also over-constrained the knee joint 
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under combined torques. In Chapter 4, we found that normal anterior joint laxity 
can be closely restored by ACL reconstruction using INTRAFIX implant (DePuy 
Mitek, Raynham, Massachusetts) which attaches the hamstring tendon graft 
posteriorly along the contour of the posterior border of lateral femoral condyle and 
restores the two bundles of the ACL. However, both reconstructions over-
constrained the internal tibial rotations resulting in more externally rotated tibiae 
compared to their normal knee conditions. The cause of increased external tibial 
rotation following ACL reconstruction could be related to the initial graft tension at 
the time of ACL graft fixation. In their biomechanical studies, Brady et al22 and 
Mae et al23 demonstrated that, due to the anteromedial position of tibial graft 
fixation site relative to femoral graft fixation site, an increase in initial graft tension 
can lead to an increase in external tibial rotation. A consensus on an optimal 
combination of initial tension and flexion angle at which the graft should be fixed 
to restore normal knee biomechanics is yet to be established. It has been 
hypothesized by some authors that abnormal kinematics such as those observed in 
our studies, can shift the tibiofemoral cartilage contact locations to those that are 
otherwise unloaded or minimally loaded, causing an acceleration in OA initiation 
and progression.24 To avoid such adverse consequences following ACL 
reconstruction, future research efforts should focus on identifying optimal graft 
fixation angle and initial graft tension. Overall, our studies demonstrated that 
anatomically reconstructing both functional bundles of the ACL by using a single 
tibial and femoral tunnel has significant advantages over conventional single-
bundle ACL reconstruction. Although the cadaveric biomechanical studies have 
demonstrated promising results, we cannot speculate if the observed improvements 
in kinematics will translate into improved clinical outcomes. High-quality, long-
term clinical studies are needed to provide evidence on the efficacies, technical 
challenges and complications of these innovative techniques. 

Among the factors that cause failure of ACL reconstruction, technical errors during 
the surgical procedures are reported to contribute to 22-88% of failures.25 About 
70-80% of these failures are consequences of non-anatomical tunnel placement.25-27 
With such high incidence rate of non-anatomical tunnels, arthroscopic techniques 
used for creating tunnels must be critically scrutinized. Among the three techniques 
(transtibial, anteromedial portal, and outside-in), TT approach is the most widely 
practiced technique with over 70% of surgeons using it as of 2009.28 However, this 
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technique has been criticized for resulting in high percentage of non-anatomical 
tunnels.29-31 Advocates of TT technique have proposed modifications to the 
traditional TT technique to avoid non-anatomical tunnel placement.32-35 Although 
such modified techniques are clinically practiced, there is paucity of quantitative 
information on the efficacy of these techniques in creating anatomical tunnels. 
Therefore, the choice of a surgical technique to prepare optimal tunnels that can 
capture anatomical footprint and restore normal knee kinematics, remains 
controversial.25,36 

 By using a 3-dimensional digitizing system we were able to quantitatively evaluate 
the relationship between the anatomical ACL footprint and the tunnels created by 
the TT, AM portal and OI techniques (Chapter 5).37 Our study demonstrated that, 
although all three techniques can achieve similar overall ACL footprint coverage, 
better coverage of posterolateral bundle can be achieved by the tibial tunnel–
independent techniques (AM portal and OI). With a wide acceptance of the need to 
perform anatomical reconstruction of the ACL, it is imperative that the tunnels are 
positioned within the anatomic center to capture both functional bundles of the 
ACL. In our study we found that using the TT technique the center of the tunnel 
was significantly anterior compared with the tunnel centers when using AM portal 
and OI techniques. The location of the TT technique tunnel center was also found 
to be significantly more proximal than the OI technique tunnel center. Markolf and 
colleagues demonstrated that an anterior tunnel placement relative to anatomical 
footprint center in the sagittal plane will result in increased joint laxity compared to 
the normal knee.38 Further, such an anterior position has been shown to induce 
abnormally high graft forces predisposing them to failure. With respect to the 
tunnel position in the coronal plane, both clinical and biomechanical studies have 
shown that a more lateral placement of the femoral tunnel, which results in an 
increased frontal plane obliquity of the graft, can provide better rotational joint 
stability than a vertically oriented graft.39-44 These results emphasize the importance 
on restoring normal 3-dimentional graft obliquities to mitigate the risk of ACL 
reconstruction failure. Further, in terms of risk for iatrogenic injury, we observed 
minimal risk of injury to the femoral attachment of the lateral gastrocnemius 
tendon, popliteus tendon, and lateral collateral ligament in the OI and TT 
techniques, as all the tunnel exit locations were anterior and proximally located 
relative to the lateral epicondyle. Although on average the tunnel exits of the AM 
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portal technique were proximal and anterior relative to the lateral epicondyle, in 
three specimens our AM portal tunnel exit was located posterior to the lateral 
epicondyle. Such a location could cause an injury to the lateral gastrocnemius 
tendon femoral attachment. 

Several studies have demonstrated that malpositioning of tunnels can lead to 
compromised joint stability and failure of ACL graft due to abnormal loading.38,45,46 
The type of surgical technique used to create the tunnels determines the position of 
the tunnels and hence the outcomes following surgery. Therefore, we also 
evaluated the comparative efficacies of TT, AM portal and OI techniques in 
resorting normal knee biomechanics by using a robotic testing system.47 Through 
our study, we found no significant differences in knee kinematics between the three 
techniques, but significant differences were found when compared to normal knee 
kinematics. These results are consistent with the finding of Ristanis et al,46 Loh et 
al,40 and Musahl et al43, who demonstrated that although ACL reconstruction with 
femoral tunnel positioned within the anatomical footprints of the ACL can better 
restore the normal kinematics than with a non-anatomical femoral tunnel position, 
both reconstructions could not completely restore the normal kinematics. These 
results indicate that single-bundle ACL reconstruction may not fully replicate the 
structural complexity of ACL, even when the tunnels are accurately positioned 
within the anatomic footprints. Therefore, future studies must evaluate alternative 
surgical techniques such as single-tunnel–double-bundle reconstruction, with the 
emphasis on recovering the 3-dimensional graft obliquities and characteristic 
functions of both ACL bundles in conjunction with creating anatomical tunnels. 

As the treatment modalities for ACL injury continue to evolve, it is of paramount 
importance to minimize the influence of confounding factors, such as concomitant 
injuries, on the clinical outcomes following ACL reconstruction. One such 
confounding factor known to significantly influence clinical efficacy is the 
treatment of combined medical meniscal tear by meniscectomy. While 
meniscectomy is known to provide pain relief in the short-term, it remains unclear 
whether ACL reconstruction with meniscectomy can restore normal knee stability. 
To address this question, we performed a biomechanical study, which 
demonstrated that ACL reconstruction in knees with combined ACL deficiency and 
subtotal medial meniscectomy cannot restore the normal knee kinematics. In 
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addition to this, meniscectomy was shown to decrease the contact area, 
consequently leading to focally increased contact pressure.48,49 If left untreated, 
these alterations in the mechanical environment of the knee joint, coupled with 
biological factors, may play a predominant role in the initiation of cartilage 
degeneration. There is supporting evidence of poor outcomes and accelerated joint 
degeneration in ACL reconstructed knees with medial meniscus injuries treated by 
meniscectomy.2,5,50 Even so, meniscectomy remains necessary for irreparable 
meniscal tears. In fact, recent reports have shown that about 45-63% of medial 
meniscal tears are treated by meniscectomy.51 With such disturbingly high rate of 
meniscectomy combined with the considerable evidence of its deleterious effect on 
joint health, there is an urgent need for improved treatment strategies including 
effective meniscal repair techniques, tissue engineering and meniscal 
transplantation to mitigate the debilitating long-term sequelae of meniscal tears. 

Another concomitant injury of common occurrence at the time of ACL injury that 
is known to affect outcomes of ACL reconstruction is the injury to posterolateral 
structures (PLS). As a unit, PLS are known to primarily resist tibial varus, external 
rotations and posterior translation. A loss in the joint stabilizing function of PLS 
due to its injury can lead to overloading of other knee stabilizers. In a 
biomechanical study LaPrade and coworkers investigated the effect of grade III 
injuries to the PLS by sequentially sectioning the lateral collateral ligament, 
popliteofibular ligament, and popliteus tendon on the force experienced by the 
ACL grafts.52 In this study, they found increased ACL graft forces following lateral 
collateral ligament sectioning and an additional increase in ACL graft forces when 
the popliteofibular ligament and popliteus tendon were sectioned. However, 
isolated injury to the popliteus complex (PC) consisting of popliteofibular ligament 
and popliteus tendon is not uncommon.53-58 In the event of a PC injury, the 
stabilizing function of PC to resist external tibial rotation and posterior tibial 
translation is lost; potentially leading to abnormal loading of other knee stabilizers. 
Therefore, knowledge on the effect of PC injury on graft forces in ACL 
reconstructed knees is critical to understand its influence on ACL reconstruction 
outcomes. Through a biomechanical study, we found that an injury to PC 
significantly increased the external tibial rotation, which caused an elevation in the 
ACL graft forces that ranged from 98% to 229%.59 In corroboration of these 
results, Fung et al showed that excessive external tibial rotation caused an increase 
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in ACL strain due to its impingement against the intercondylar notch, by using a 3-
D mathematical model.60 These findings elucidate the importance of prompt 
diagnoses and effective treatment of PC injury to minimize the risk of ACL graft 
failure due to abnormal external tibial rotation, generated during pivoting or 
twisting activities. Future studies should investigate the effect of PC injury on other 
knee stabilizers to prevent secondary injury. Accurate diagnosis of posterolateral 
knee injuries can be a challenge, especially when concomitant injuries are present. 
Given the significance of these structures on knee stability and the influence of 
their injury on other knee stabilizers, accurate and reliable diagnostic tools that can 
detect their injury should be developed and evaluated. 

This thesis presents a gamut of novel insights into the influence of ACL 
reconstruction surgical techniques and comorbidities on knee joint function. 
However, we recognize that it has certain limitations that the readers need to bear 
in mind while interpreting the conclusions of this thesis. The study specific 
limitations are presented in Chapters 2-8. In general, biomechanics of the knee 
joint were evaluated in this thesis by using cadaveric knee specimens. While the 
cadaveric specimens are a valuable source of human tissue for investigating joint 
biomechanics, there are inherent limitations to these ex vivo studies. First, it is 
difficult to simulate the dynamic actions of active knee musculature in an ex vivo 
setting. In our studies we simulated physiological loading conditions by applying 
static loads to the quadriceps and hamstring muscles. Although these loads do not 
simulate the weight-bearing conditions, the ex vivo setting facilitated the 
measurement of joint mechanics under repeatable and controlled conditions that are 
often difficult to achieve in an in vivo setting. Second, the biomechanics evaluated 
in this thesis represent measurements at time zero following surgical interventions. 
Hence, these results do not account for the potential alterations in the joint 
mechanics due to postoperative healing and remodeling process that occurs over 
time in an in vivo setting. Finally, we cannot speculate on how the observed results 
in these ex vivo studies will translate in a clinical setting. Despite these inherent 
limitations, which are rather difficult to circumvent, this thesis quantified the joint 
biomechanics by using cutting edge experimental systems with a high degree of 
accuracy and repeatability.  The state-of-the-art research conducted in this thesis 
provides us important insights into biomechanics of the knee joint and also the 
biomechanical rationale for future clinical research efforts and clinical practice. 
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In summary, the general aim of this thesis was to identify ACL reconstruction 
techniques for isolated ACL injuries and combined injuries, which can restore 
normal ACL anatomy, knee joint kinematics, and function. Specifically, this thesis 
quantitatively evaluated and compared the efficacies of single-bundle, double-
bundle, and single-tunnel–double-bundle ACL reconstructions in restoring normal 
knee kinematics. This thesis also studied the ability of transtibial, anteromedial 
portal, and outside-in techniques to create anatomical femoral tunnels and to 
restore normal knee kinematics. Finally, it evaluated how subtotal medial 
meniscectomy and popliteus complex injury affect ACL reconstructed knee joints. 
Through these studies, this thesis found that there is no significant difference in 
anteroposterior laxity between single- and double-bundle ACL reconstruction 
techniques. However, no firm conclusion could be reached on the efficacies of 
these techniques for restoring rotational stability. The single-tunnel–double-bundle 
ACL reconstruction was found to be an effective alternative to single-bundle ACL 
reconstruction for the restoration of normal anteroposterior laxity. With regards to 
tunnel preparation for ACL reconstruction, the findings of this thesis indicate that 
the tunnels created by tibial tunnel–independent techniques are more anatomic than 
the transtibial tunnels. It was also show that, ACL reconstruction performed by 
using tibial tunnel–independent and dependent techniques result in similar knee 
joint kinematics, but none of these techniques can restore the normal knee 
kinematics and native ACL forces. Finally, it is shown that ACL reconstruction 
alone cannot restore the normal knee kinematics in knees with either subtotal 
medial meniscectomy or popliteus complex injury. Further, it is found that an 
untreated popliteus complex injury in an ACL reconstructed knee leads to 
abnormally large ACL graft force.  

These findings advance our understanding of ACL injuries and their 
reconstruction. However, it is critical to perform additional research that builds on 
the current work to comprehensively and conclusively establish optimal ACL 
reconstruction. Future research efforts that can bring us closer to identifying ACL 
reconstruction techniques which can restore normal ACL anatomy, knee joint 
kinematics and function are proposed above in this discussion and in Chapters 2-8. 
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Summary 

Surgical reconstruction of torn anterior cruciate ligament has been shown to 
provide significant improvement in clinical outcome, compared to patients treated 
conservatively. However, there remains a wide scope for further improvements to 
attain complete restoration of patients’ pre-injury level of joint health. In an effort 
to completely restore the normal anatomy, knee stability and to prevent the 
development of knee osteoarthritis, several techniques have been proposed to 
efficiently manage anterior cruciate ligament injuries.  Controversies over which 
technique provides the best outcomes, however, are yet to be solved. Specifically, 
which surgical technique should be used to best restore the normal joint stability? 
Which surgical technique can most closely restore the normal anterior cruciate 
ligament anatomy? What are the potential adverse consequences of combined 
injuries on outcomes following anterior cruciate ligament reconstruction? This 
dissertation aims to provide objective answers to these questions through critical 
analysis of the existing controversies and by conducting experimental, quantitative 
research. 

In the field of orthopaedic surgery, whether to surgically treat anterior cruciate 
ligament injury by single- or double-bundle reconstruction is still a major 
controversy. In Chapter 2 we performed a systematic literature review and meta-
analysis of biomechanical studies that compared the laxities between single- and 
double-bundle anterior cruciate ligament reconstructions. No statistically 
significant differences were found in anteroposterior laxity between these 
techniques at flexion angles of 0°, 30°, 60°, and 90°. One of the main reasons for 
the introduction of double-bundle anterior cruciate ligament reconstruction was to 
address the persistent rotational instability of the knee joint after conventional 
single-bundle reconstructions. However, among the biomechanical studies that 
evaluated the rotational laxities, we noticed large variations in both, experimental 
designs and reported measurements, which impeded the meta-analysis of this data. 
This leads to inconclusive evidence on the efficacies of these techniques for 
restoring rotational stability. Thus, the indication whether to perform single- or 
double-bundle anterior cruciate ligament reconstruction to achieve optimal 
outcomes remains unclear and more research is required to justify the need to 
perform a more expensive and technically challenging surgery. 
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To combine the advantages of both single- and double-bundle reconstruction 
techniques, innovative surgical techniques that can reconstruct both the functional 
bundles of the anterior cruciate ligament within a single femoral and tibial tunnel 
have been proposed. The efficacy of single-tunnel–double-bundle anterior cruciate 
ligament reconstruction in restoring normal joint laxity was evaluated in Chapters 
3 and 4. The evaluations were conducted by performing biomechanical studies 
using cadaveric knees and a robotic testing system. It was found that single-tunnel–
double-bundle reconstruction more closely restored the increased anterior tibial 
translations of anterior cruciate ligament deficient knee to the normal knee level 
than the conventional single-bundle reconstruction. However, under physiological 
loading conditions, we found that both reconstruction techniques resulted in an 
over-constrained internal tibial rotation compared to normal knees. Such an 
increase in external tibial rotation has been suggested to increase patellofemoral 
contact pressure and altered tibiofemoral cartilage contact characteristics. 
Therefore, we emphasize the importance of identifying graft-tensioning strategies, 
which can prevent abnormal knee joint kinematics under physiological loading 
conditions. The ease of single-tunnel–double-bundle technique that reconstructs the 
functional bundles of the anterior cruciate ligament, combined with its efficacy in 
restoring normal knee anteroposterior laxity, provides an effective solution for the 
single- and double-bundle reconstruction controversy. 

In addition to the choice of an appropriate surgical technique, proper positioning of 
the tunnels is essential for the success of anterior cruciate ligament reconstruction. 
Currently, there are three major arthroscopic techniques that are used to create the 
tunnels for anterior cruciate ligament reconstruction: anteromedial portal 
technique, outside-in technique, and transtibial technique. The relationship between 
the femoral tunnels created by these three techniques and the native anterior 
cruciate ligament femoral footprint were evaluated in Chapter 5. Further, this 
chapter also examined the potential for iatrogenic injury, while creating the femoral 
tunnels by these three techniques. This study indicated that the tunnels created by 
these techniques, achieve similar coverage of the entire anterior cruciate ligament 
and anteromedial bundle footprints. However, the amount of posterolateral bundle 
footprint covered by the transtibial tunnel was significantly lower than the 
coverage by outside-in and anteromedial portal tunnels. The center of outside-in 
tunnel was found to be the closest to the anterior cruciate ligament footprint center, 
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followed by the center of anteromedial portal tunnel and finally the center of 
transtibial tunnel. The incidence of a posterior femoral tunnel exit relative to the 
lateral epicondyle was found to be higher when using anteromedial portal 
technique than either outside-in or transtibial techniques. Such a posterior location 
could potentially cause an injury to the lateral gastrocnemius tendon femoral 
attachment. Taken together, findings of this study indicate that tibial tunnel-
independent techniques (anteromedial portal and outside-in) can create more 
anatomical tunnels than transtibial technique.  

To further evaluate these techniques, their efficacy in restoring normal joint laxity 
and anterior cruciate ligament forces was evaluated in Chapter 6. The results of 
this study demonstrated that anterior cruciate ligament reconstruction by 
anteromedial portal, outside-in, and transtibial techniques results in similar knee 
joint laxities. However, single-bundle anterior cruciate ligament reconstruction 
using the tunnels created by any of these techniques could not restore the normal 
knee joint laxities. Similarly, anterior cruciate ligament grafts of all three 
reconstructions carried lower force than the native anterior cruciate ligament. 
Based on these findings it is evident that, although tibial tunnel-independent 
techniques can create more anatomical tunnels than transtibial technique, single-
bundle anterior cruciate ligament reconstructions performed using the tunnel 
created by any of these techniques cannot complete restore normal knee laxity and 
anterior cruciate ligament forces. Therefore, in conjunction to creating anatomical 
tunnels, it is important that both functional bundles of the anterior cruciate 
ligament are reconstructed. This clinical need can be addressed by innovative 
anatomical reconstruction techniques such as the single-tunnel–double-bundle 
reconstruction, which provide the clinicians an effective alternative to currently 
practiced techniques.  

Comprehensive diagnosis and appropriate treatment of concomitant injuries in an 
anterior cruciate ligament injured patient is paramount for the success of anterior 
cruciate ligament reconstruction. Objective evaluation of the effect of concomitant 
injuries on anterior cruciate ligament reconstruction outcomes can improve the 
current treatment strategies. Chapter 7 evaluated the effect of anterior cruciate 
ligament reconstruction on the kinematics of the knees with combined anterior 
cruciate ligament deficiency and subtotal medial meniscectomy. The evaluation 
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was performed in cadaveric knee specimens by measuring the knee kinematics 
(anterior-posterior and medial-lateral translations; internal-external rotations) using 
a robotic testing system. This study demonstrated that anterior cruciate ligament 
reconstruction in knees with subtotal medial meniscectomy cannot completely 
restore the normal knee kinematics. These results suggest that in knees with 
combined anterior cruciate ligament deficiency and subtotal medial meniscectomy, 
anterior cruciate ligament reconstruction alone cannot prevent alterations to 
tibiofemoral kinematics, thus further compounding the problems associated with 
isolated anterior cruciate ligament injury. Such deviations of knee kinematics from 
the normal state, can explain the prevalence of higher osteoarthritis rate in patients 
with combined anterior cruciate ligament reconstruction and meniscectomy, than in 
isolated anterior cruciate ligament reconstructed patients. 

With the prior knowledge on the role of popliteus complex in resisting external 
tibial rotation, we hypothesized that untreated popliteus complex injury in an 
anterior cruciate ligament reconstructed knee would result in significant increase in 
anterior cruciate ligament graft forces under external tibial torque. This hypothesis 
was tested in Chapter 8, by measuring the kinematics and anterior cruciate 
ligament graft forces in cadaveric knee specimens by using a robotic testing 
system. In this study, external tibial rotations were found to significantly increase 
at all selected flexion angles due to isolated sectioning of popliteus complex 
compared to intact popliteus complex knee condition. This abnormal external tibial 
rotation caused excessive loading of anterior cruciate ligament graft at all selected 
flexion angles. Based on these findings, this study establishes that untreated 
injuries to the popliteus complex can result in subsequent failure of anterior 
cruciate ligament reconstructions. Therefore, prompt diagnosis of popliteus 
complex injury and its treatment are warranted to avert anterior cruciate ligament 
reconstruction failures.  

Taken together, the findings of Chapters 2-8 provide objective answers to the 
questions set out to study in this dissertation. The implications of these findings on 
clinical practice and future research can be summarized as follows: 

• The controversy on whether to perform single- or double-bundle anterior 
cruciate ligament reconstruction is a complex question that could not be 
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definitively answered by the meta-analysis of the published biomechanical 
studies. More well-designed comparative effectiveness research is needed 
to comprehensively answer this question. 

• Single-tunnel–double-bundle technique which can reconstruct both the 
functional bundles of the anterior cruciate ligament within a single femoral 
and tibial tunnel can be an effective alternative to both single- and double-
bundle reconstruction techniques. Further optimization of this technique is 
required to prevent the observed over-constrained internal tibial rotation. 

• Among the three tunnel creation techniques currently used for anterior 
cruciate ligament reconstruction, tibial tunnel-independent techniques 
(anteromedial portal and outside-in) can create more anatomical tunnels 
than the transtibial technique. However, single-bundle anterior cruciate 
ligament reconstruction using the tunnels created by any of these 
techniques could not restore the normal knee laxity and anterior cruciate 
ligament forces. There is no clear indication on which of these techniques 
is optimal for the restoration of both normal anatomy and joint stability. 
Therefore, it is critical to thoroughly understand the perils and pearls 
inherent to each of these techniques prior to clinically adopting them. 

• Anterior cruciate ligament reconstruction in knees with subtotal medial 
meniscectomy cannot restore the normal joint laxity. This finding suggests 
that meniscus is an important knee stabilizer, which should be preserved to 
stabilize the knee joint and to mitigate the risks of joint degeneration. 
Currently, meniscectomy is the standard of care for irreparable meniscal 
injuries. Therefore, new and effective meniscal injury treatment strategies 
should be identified and implemented. 

• Undiagnosed and hence untreated popliteus complex injury in an anterior 
cruciate ligament reconstructed knee results in abnormal increase in 
anterior cruciate ligament graft forces, subsequently leading to their 
failure. Therefore, prompt diagnosis of isolated popliteus complex injury 
and appropriate treatment is warranted to avert failure of anterior cruciate 
ligament grafts due to excessive loading. 



 

 

Samenvatting 
 



Samenvatting 

178 

Samenvatting  

De chirurgische reconstructie van een gescheurde voorste kruisband resulteert in 
een aanzienlijk betere klinische uitkomst dan de conservatieve behandeling van 
patiënten. Er blijft echter veel ruimte voor verbetering van de technieken om tot 
volledig herstel van het kniegewricht te komen. Verschillende 
reconstructietechnieken zijn ontwikkeld om de normale anatomie en stabiliteit van 
de knie te herstellen en de ontwikkeling van artrose te voorkómen. Het is echter 
nog steeds niet duidelijk welke techniek het beste resultaat oplevert. Bijvoorbeeld; 
welke chirurgische ingreep levert het beste herstel van de gewrichtsstabiliteit op? 
Welke behandeling herstelt het beste de anatomie van de voorste kruisband? Wat 
zijn de mogelijke negatieve gevolgen van andere letsels op het verloop van herstel 
na kruisbandreconstructie? Dit proefschrift heeft als doel om objectieve 
antwoorden op deze vragen te vinden door een kritische analyse van de bestaande 
controverses en door het uitvoeren van experimenteel, kwantitatief onderzoek. 

Binnen de orthopedie bestaat nog steeds controverse over het gebruik van 
enkelvoudige- dan wel dubbele-bundel reconstructie bij letsels van de voorste 
kruisband. Hoofdstuk 2 is een systematisch literatuuronderzoek en een meta-
analyse van de biomechanische studies naar de instabiliteit van de knie na 
enkelvoudige-bundel en dubbele-bundel kruisband-reconstructies. Er werden geen 
statistisch significante verschillen in antero-posterieure laxiteit gevonden tussen 
deze twee technieken bij flexiehoeken van 0°, 30°, 60° en 90°. Eén van de 
voornaamste redenen om de dubbele bundel kruisband-reconstructie techniek te 
introduceren was de aanhoudende rotatoire instabiliteit van het kniegewricht bij 
conventionele enkelvoudige-bundel reconstructies. Echter, onder de 
biomechanische studies die de rotatoire instabiliteit evalueren bestaan grote 
verschillen in de experimentele opzet en in de gerapporteerde metingen, hetgeen 
een belemmering vormt voor de meta-analyse van deze data. Daardoor was er 
onvoldoende bewijs om een uitspraak te doen over de doelmatigheid van deze 
technieken met betrekking tot het herstel van de rotatoire stabiliteit van het 
kniegewricht. Hierdoor blijft het onduidelijk of een enkelvoudige- of een dubbele- 
bundel reconstructie uitgevoerd moet worden voor een optimale uitkomst. Meer 
onderzoek is dus nodig om het uitvoeren van een duurdere en technisch uitdagende 
operatie te rechtvaardigen.  
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Om de voordelen van de enkelvoudige- en dubbele-bundel reconstructie te 
combineren, zijn technieken ontwikkeld die beide functionele bundels van de 
voorste kruisband in een enkele tibio-femorale tunnel plaatsen. In hoofdstuk 3 en 4 
wordt de effectiviteit van deze enkele-tunnel-dubbele-bundel reconstructie 
onderzocht. Daartoe zijn biomechanische studies uitgevoerd op knieën van humane 
kadavers met behulp van een robotarm. Hieruit bleek dat de enkele-tunnel-dubbele-
bundel techniek de anterieure stabiliteit van de knie beter herstelt dan de 
conventionele enkelvoudige-bundel techniek. Echter, bij fysiologische belasting 
resulteren beide technieken in een beperking van de interne tibiale rotatie in 
vergelijking met de normale knie. Een toename van de externe tibiale rotatie kan 
leiden tot een verhoogde patello-femorale contactdruk alsmede een veranderde 
belasting van het tibio-femorale kraakbeen. We benadrukken hier ook het belang 
van het identificeren van technieken om de graft op de juiste spanning te brengen, 
dit om instabiliteit onder fysiologische belasting zoveel mogelijk te voorkomen. 
Het gemak van de enkele-tunnel-dubbele-bundel techniek die de twee functionele 
bundels van de voorste kruisband reconstrueert, in combinatie met de 
doeltreffendheid in het herstellen van de antero-posterior laxiteit van de knie, zorgt 
voor een effectieve oplossing voor de controverse omtrent enkelvoudige- of 
dubbele-bundel reconstructie.  

Naast het belang van een geschikte techniek voor de kruisband reconstructie, is het 
tevens essentieel dat de tunnels goed gepositioneerd worden. Momenteel zijn er 
drie arthroscopische technieken die gebruikt worden voor het creëren van de 
tunnels: de antero-mediale poorttechniek, de transtibiale techniek, en de outside-in 
techniek, waarbij met een richtinstrument de tunnel vanaf lateraal geboord wordt. 
In hoofdstuk 5 wordt onderzocht in hoeverre de femorale tunnels geplaatst door 
deze drie technieken overeenkomen met de natuurlijke femorale origo van de 
voorste kruisband. Daarnaast wordt onderzocht in hoeverre deze technieken 
iatrogene schade kunnen veroorzaken. Het blijkt dat de door deze technieken 
gecreëerde tunnels een gelijkwaardige bedekking van de origo van de gehele 
voorste kruisband en de antero-mediale bundel opleveren. Echter, de bedekking 
van de  origo van de posterolateral bundel was significant lager bij gebruik van de 
transtibiale tunnel techniek dan bij gebruik van de twee andere technieken. Het 
middelpunt van de tunnel bleek het dichtst bij het middelpunt van de natuurlijk 
origo van de voorste kruisband te liggen met de outside-in techniek, gevolgd door 
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de antero-mediale poort techniek en als laatste de transtibiale tunnel. Bij gebruik 
van de antero-mediale poorttechniek kwam het vaker voor dat de femorale 
tunneluitgang zich dichtbij de laterale epicondyl bevond in vergelijking met de 
outside-in of de transtibiale techniek. Deze locatie van de tunneluitgang kan 
mogelijk schade veroorzaken aan de femorale peesaanhechting van de laterale kop 
van de m. gastrocnemius. Uit deze studie kunnen we concluderen dat de technieken 
die niet afhankelijk zijn van de tibiale tunnel (de antero-mediale poort en de 
outside-in techniek) een betere anatomisch gelijkende tunnel opleveren dan de 
transtibiale techniek. 

In hoofdstuk 6 worden deze technieken verder onderzocht door het bepalen van 
hun doelmatigheid in het herstellen van de normale stabiliteit van het kniegewricht 
en de krachten in de kruisband. Hieruit blijkt dat reconstructie van de voorste 
kruisband door de antero-mediale poort, de outside-in en de transtibiale techniek 
resulteert in een vergelijkbare stabiliteit van het kniegewricht. Echter, de 
enkelvoudige-bundel reconstructie in combinatie met een van deze 
tunneltechnieken resulteert niet in een herstel van de normale gewrichtsstabiliteit. 
Daarbij dragen de transplantaten van elk van deze drie reconstructies minder kracht 
dan de gezonde voorste kruisband. Op basis hiervan kunnen we concluderen dat de 
enkelvoudige-bundel reconstructie in combinatie met een van deze 
tunneltechnieken niet resulteert in het volledig herstel van de normale stabiliteit 
van het kniegewricht en de krachten in de gezonde voorste kruisband. Naast het 
creëren van anatomische gelijkende tunnels is het om die reden belangrijk dat beide 
functionele bundels van de voorste kruisband worden hersteld. Dit zou kunnen 
worden bereikt door het gebruik van innovatieve anatomische 
reconstructietechnieken zoals de enkele-tunnel-dubbele-bundel reconstructie, die 
een efficiënt alternatief biedt ten opzichte van de bestaande methoden. 

Een goede diagnose en gepaste behandeling van bijkomend letsel bij een patiënt 
met een voorste kruisband blessure is essentieel voor het succes van de kruisband-
reconstructie. Objectief onderzoek naar het effect van bijkomend letsel op het 
succes van kruisbandreconstructie zou een verbetering kunnen bieden ten opzichte 
van de huidige behandelingsmethodes. In hoofdstuk 7 wordt onderzocht wat het 
effect is van de kruisbandreconstructie op de kinematica van het kniegewricht 
wanneer de blessure optreedt in combinatie met een partiële mediale 
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meniscectomie. Daartoe is een robotarm gebruikt waarmee de kinematica van het 
kniegewricht (anterieure-posterieure en medio-laterale translaties; interne-externe 
rotaties) kan worden gemeten in knieën van kadavers. Hieruit bleek dat in 
kniegewrichten met partiële mediale meniscectomie de gezonde kinematica van de 
knie niet volledig hersteld kan worden. Dergelijke afwijkingen in de kinematica 
van de knie zouden een rol kunnen spelen in het ontstaan van gonartrose bij deze 
groep patiënten, in vergelijking met patiënten die enkel een kruisbandreconstructie 
hebben ondergaan.  

In de wetenschap dat het popliteus complex een rol speelt in het beperken van 
externe tibiale rotatie, vroegen wij ons af of onbehandelde schade aan het popliteus 
complex zou resulteren in een toename van de krachten in het kruisband 
transplantaat. In hoofdstuk 8 wordt dit onderzocht door het meten van de 
kinematica en de krachten in het transplantaat in kniegewrichten van kadavers, met 
gebruikmaking van een robotarm. De resultaten laten zien dat de externe tibiale 
rotatie significant toeneemt bij elk van de gekozen flexiehoeken wanneer het 
popliteus complex is beschadigd, in vergelijking met de gewrichten met een 
onbeschadigd popliteus complex. Deze ongewone externe tibiale rotatie leidt tot 
een toename van de krachten in het kruisband transplantaat bij elk van de gekozen 
flexiehoeken. Op basis van deze resultaten kunnen we concluderen dat 
onbehandelde schade aan het popliteus complex kan leiden tot het falen van een 
kruisbandreconstructie. Tijdige diagnose en behandeling van letsel aan het 
popliteus complex is daarom essentieel voor het slagen van 
kruisbandreconstructies.  

De bevindingen in de hoofdstukken 2-8 bieden objectieve antwoorden op de 
onderzoeksvragen van deze dissertatie. De implicaties van deze resultaten voor de 
kliniek en voor toekomstig onderzoek kunnen als volgt worden samengevat: 

• De controverse betreffende het toepassen van de enkelvoudige- dan wel 
dubbele-bundel reconstructie van de voorste kruisband is complex en kon 
niet definitief opgelost worden met de meta-analyse van de gepubliceerde 
biomechanische studies. Verder vergelijkend onderzoek naar de efficiëntie 
van deze technieken is nodig om een goed antwoord op deze vraag te 
kunnen geven.  
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• De enkele-tunnel-dubbele-bundel techniek, die beide functionele bundels 
van de voorste kruisband kan reconstrueren in een enkele tibiale en 
femorale tunnel, zou een goed alternatief kunnen bieden voor de bestaande 
enkelvoudige- en dubbele-bundel technieken. Verdere optimalisering van 
deze techniek is echter nodig om de beperking van de interne tibiale rotatie 
te voorkomen. 

• Van de drie technieken die momenteel gebruikt worden voor het creëren 
van tunnels voor kruisbandreconstructie blijken de technieken die 
onafhankelijk zijn van de tibiale tunnel (de antero-mediale poort en 
outside-in techniek) betere anatomisch gelijkende tunnels op te leveren dan 
de transtibiale techniek. Echter, bij enkelvoudige-bundel 
kruisbandreconstructie waarbij gebruik wordt gemaakt van deze 
technieken was volledig herstel van de stabiliteit van het kniegewricht en 
van de krachten in de kruisband niet mogelijk. Er is op dit moment geen 
duidelijke indicatie welk van deze technieken optimaal is voor het 
herstellen van zowel de anatomie als de stabiliteit van het kniegewricht. 
Het is daarom van groot belang om de voor- en nadelen van elk van deze 
technieken goed te onderzoeken voordat deze in de kliniek toegepast 
worden. 

• In kniegewrichten met partiële mediale meniscectomie leidt reconstructie 
van de voorste kruisband niet tot volledig herstel van de normale stabiliteit 
van de knie. Dit suggereert dat de meniscus een belangrijke rol speelt in 
het stabiliseren van het kniegewricht en dus behouden moet blijven om 
mogelijke gewrichtsdegeneratie te voorkomen. Meniscectomie is 
momenteel de standaardbehandeling bij onherstelbaar letsel aan de 
meniscus. Het is daarom van belang dat nieuwe behandeltechnieken voor 
meniscusletsel worden ontworpen en geïmplementeerd.  

• Wanneer in een kniegewricht letsel aan het popliteus complex optreedt, 
kan dit leiden tot een toename in de krachten in het kruisband 
transplantaat. Om het falen van kruisbandtransplantaten te voorkomen is 
het van belang dat schade aan het popliteus complex tijdig 
gediagnosticeerd en behandeld wordt. 
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