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Synopsis
The purposes of this article are to discuss key factors for assessing joint function, to present some
recent findings and to address the future directions for evaluating the function of the ACL-injured/
reconstructed knees. Well-designed studies, using state-of-the art tools to assess knee kinematics
under in vivo, dynamic, high-loading conditions, are necessary to evaluate the relative
performance of different procedures for restoring normal joint motion.
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Introduction
The goals of anterior cruciate ligament (ACL) reconstruction are to restore stability and
enable return to unrestricted function over the short term, and ideally to protect joint health
over the long term. Current treatment approaches are moderately successful for restoring
function, with most individuals able to return to their pre-injury level of sports activity [1,2].
However, surgical ligament reconstruction does not appear to prevent the development of
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osteoarthritis after ACL injury [3,4,5]. While there are many factors that may contribute to
joint degeneration, persistent abnormal knee mechanics are often implicated in the initiation
and progression of osteoarthritis (OA) in the ACL-injured/reconstructed knee [6,7]. Concerns
about the high rates of OA are largely responsible for the increased interest over the last
several years on more anatomical approaches to ACL repair and reconstruction. Though no
current techniques can restore the true insertion site anatomy or physiology of the native
ACL, procedures that attempt to improve tunnel placement and graft geometry to more
closely resemble the original ligament are gaining in popularity. The premise for these
newer procedures is that better restoration of native anatomy will lead to more normalized
joint mechanics and improved long-term joint health.

Ultimately, determining the efficacy of these procedures for reducing OA risk after ACL
injury will require large, well-designed clinical studies with long-term follow-up to directly
evaluate joint degeneration. However, considerable insights about the relative merits of
different ACL reconstruction techniques can be obtained over the short term by
investigating their effectiveness for restoring normal joint function. The goals of this
narrative review are to discuss key factors for assessing joint function, present some recent
findings and propose future directions for evaluating the function of the ACL-injured/
reconstructed knee.

Methodological considerations for assessing knee function
The case for in vivo, human studies

Definitive conclusions on the relative efficacy of different ACL reconstruction techniques
can only be drawn from in vivo, human studies. Cadaveric studies have contributed a wealth
of information on the basic biomechanics and passive structural properties of the knee, and
can be beneficial for development and initial evaluation of surgical techniques. However,
cadaver studies cannot reproduce the complex combination of gravitational, inertial and
active muscular forces that influence knee mechanics during functional activities. Cadaver
studies also represent only “time zero” conditions, and cannot account for biological
responses (such as healing, remodeling, tunnel enlargement, etc.) that can have a significant
influence on knee and ligament function. Conversely, animal models are well suited for
studying biological tissue response, but they differ too extensively in joint morphology and
function for direct transfer of kinematic findings to humans (with the possible exception of
large primates, which are rarely used for orthopaedic studies due to cost and ethical
considerations).

Laxity vs. stability
In vivo knee function can be evaluated under a wide range of conditions. Which measures
are most relevant to outcomes after ACL reconstruction? With the progression from laxity
testing to static weight-bearing to dynamic, functional activities, assessment becomes more
technically demanding but also potentially more relevant to joint health. Central to most
theories relating joint mechanics to OA development is the idea that altered joint contact
patterns and joint loads, encountered during routine activities, can be detrimental to long-
term cartilage health [6,8]. These theories would suggest that the most measures of joint
function are those that reflect the behavior of the knee during common, functional activities.
It is especially important to distinguish between evaluations of laxity vs. assessments of
dynamic knee function and functional stability. In a recent review, Musahl et al. stated, “In
biomechanical terms, laxity is the passive response of a joint to an externally applied force
or torque. Stability, on the other hand, is a functional measure; that is, a knee, regardless of
laxity, is only unstable if it “gives way” during functional activities.”[9]. Laxity tests are
typically performed without the compressive joint forces required to properly engage the
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conforming condylar surfaces, which play an important role in joint stabilization. Thus,
while laxity tests may be effective for identifying structural deficits, the results cannot
predict joint behavior during dynamic, functional activities. In fact, many studies relating
static laxity and clinical/functional outcomes have reported at best weak
correlations [10,11,12,13,14].

Knee function is task-dependent
In vivo studies incorporating body-weight loading and active muscular control provide a
much more comprehensive and realistic picture of the natural function of the knee joint as a
complex neuromusculoskeletal system. However, the knee has a wide envelope of possible
motions, and joint function is highly activity-dependent. Patterns of joint motion and
articular contact vary considerably with loading and activity, even during similar ranges of
knee flexion[15,16]. Knee tissues are highly viscoelastic and respond nonlinearly to load
magnitude and loading rate [17,18], so the behavior of the knee under low-demand conditions
cannot be simply “scaled up” to predict behavior during functional activities. Thus, studies
incorporating body-weight loading during quasi-static activities (e.g. sequential fixed knee
angles [19]) or low-effort movements (e.g. half-speed gait [20]) may not predict knee
behavior during more complex, demanding tasks. This may be especially important for
ACL-injured athletes, who will routinely expose their joints to high-magnitude, rapidly
changing loads after returning to sports.

Measurement options for dynamic, in vivo studies
Meaningful characterization of dynamic joint function during common activities poses
unique challenges, especially for measurements directly relevant to soft tissue behaviour.
Peak ACL strains during activities of daily living are in the order of 4% or less [21]; for a
typical ACL size this represents a length change of only 1.2 mm. Assessing articular contact
kinematics (arthrokinematics) requires a measurement error substantially smaller than the
thickness of the cartilage layer (typically 2-4 mm thick for the tibio-femoral joint). The most
widely utilized technology for studying knee function after ACL reconstruction is video-
motion analysis, which tracks motion of multiple skin-mounted markers placed on the thigh
and shank to determine limb movement. This technology is non-invasive, widely available
and reliable, and has been effective for identifying differences in knee kinematics between
ACL-intact, ACL-deficient and ACL-reconstructed joints (as described below). But,
conventional motion analysis cannot achieve the sub-millimeter accuracy required for
tissue-relevant measurements, because of the displacement of skin-mounted markers relative
to underlying bone [22,23,24]. Magnetic resonance imaging (MRI) can achieve sub-millimeter
accuracy and enables direct visualization of soft tissue, but sample rates are too slow and the
imaging environment is too restrictive for most functional movement tasks.

Dynamic radiographic imaging enables direct visualization and 3D tracking of bone motion,
and has been gaining in popularity over the last decade. While some measurements have
been performed using a single imaging plane, dual or biplane imaging systems are generally
required to obtain sub-mm resolution in all three movement planes. Many systems are now
in use across the United States, with capabilities that vary based on the specific equipment
and analysis techniques employed. Conventional “C-arm” fluoroscopy systems are limited
by low frame rates (30Hz or less) and long exposure times (8 ms or longer), but are adequate
for quasi-static and low-speed activities [25,26]. Custom-built systems can achieve much
higher sample rates and have validated sub-mm accuracy for more physically demanding
tasks, such as running [27,28,29].
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Dynamic knee function: Traditional ACL Reconstruction
The ACL is often described as consisting of two functional bundles, the anteromedial (AM)
and the posterolateral (PL) bundles, named in relation to their typical orientation and
insertion on the tibia and femur (Figure 1) [30,31]. The AM and PL bundles function
synergistically to provide both anterior and rotational stability of the knee. Cadaver studies
suggest that the AM bundle is taut throughout the range of motion of the knee, reaching a
maximum tension between 45° and 60°, whereas the PL bundle is tight primarily in
extension [32,33,34,35].

Traditional ACL reconstruction procedures have been performed using a single graft bundle,
without attempting to recreate the native double-bundle ACL anatomy. The tunnel
placement techniques commonly employed, e.g. trans-tibial drilling of the femoral tunnels
and/or the “o’clock” method for drill orientation, also failed to reliably place the graft within
the native ACL footprint.[36,37] These single-bundle, non-anatomical procedures may
eliminate anterior/posterior (AP) laxity and successfully restore normal AP translation, but
fail to restore rotational stability [38,39]. Numerous in-vivo kinematic studies utilizing a
variety of loading conditions have confirmed that these procedures fail to restore normal
dynamic knee function. Logan et al., using open-access MRI, reported that ACL
reconstruction reduced sagittal laxity to within normal limits but did not restore normal
tibiofemoral kinematics during static weightbearing.[40] Georgoulis et al. examined ACL-
deficient individuals before and after bone-patellar tendon-bone ACL reconstruction during
walking using video-motion analysis [41]. The ACL-deficient patients demonstrated greater
tibial internal rotation, which decreased closer to normal levels after ACL reconstruction. In
a subsequent investigation with higher-demand activities (stair descent and pivoting), tibial
rotation was significantly larger in the ACL reconstructed knees compared to the
contralateral, intact legs [42]. Kinematics after ACL reconstruction have also been
investigated using radiographic techniques to analyze in-vivo knee kinematics without errors
from skin motion artifacts. Brandsson et al. found that tibial rotation and AP translation
were not restored by ACL reconstruction (using bone-patella tendon-bone autografts) in nine
unilateral ACL patients 1 year after surgery using continuous radiostereometric analysis [43].
Papannagari et al. reported that although anterior laxity was restored according to KT-1000
arthrometer testing, ACL reconstruction did not restore normal knee kinematics under
weight-bearing conditions when measured using a dual-orthogonal fluoroscopic system [44].
Studies of more physically demanding tests require specialized high-speed radiographic
imaging systems. Further evidence of rotational instability following ACL reconstruction
was provided by Tashman et al. who used a 250 frame/s dynamic stereo x-ray (DSX) system
to evaluate in vivo kinematics of the knee during downhill running for patients who
underwent traditional, nonanatomic single-bundle reconstruction [45,46]. This traditional
single-bundle ACL reconstruction restored normal AP translation, but the reconstructed
knees were more externally rotated (mean 4°) and more adducted (mean 3°) relative to the
contralateral, uninjured knees. These rotational changes were associated with shifts in the
areas of joint contact as well as a reduction in medial-compartment joint space under
dynamic loading. Thus, there is substantial and growing evidence from in vivo knee
kinematics studies that non-anatomical single-bundle ACL reconstruction fails to restore
pre-injury knee function under functional loading conditions.

This evidence, along with increasing knowledge of ACL anatomy, led to greater interest in
double-bundle ACL reconstruction techniques. Several in vitro biomechanical studies have
suggested that double-bundle ACL reconstruction might improve anterior tibial translational
and rotational stability [47,48]. Conversely, other studies have reported no significant
differences in clinical outcome between single-bundle and double-bundle ACL
reconstruction procedures [49,50]. Yasuda et al. performed a prospective comparative cohort
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study of 72 patients evaluated 2 years after surgery to compare the clinical outcomes of
anatomic double-bundle ACL reconstruction with those of non-anatomic single- and double-
bundle reconstructions. They observed no significant differences in the range of motion, the
muscle torque and International Knee Documentation Committee (IKDC) evaluation scores.
However, side-to-side KT-2000 measurements and pivot shift examination of anatomic
double-bundle ACL reconstruction showed significantly better results than in the single-
bundle procedure [51]. Since “double bundle” does not necessarily imply “anatomical”,
interpretation of these findings is complicated by uncertainty as to whether the double-
bundle procedures in some studies were actually performed anatomically (i.e. with tunnels
drilled in the footprints of the native ACL bundles). Non-anatomic and anatomic tunnel
placements are shown in Figure 2. There is insufficient high-quality data in the literature to
adequately assess whether non-anatomic double-bundle ACL reconstruction is kinematically
superior to non-anatomic single-bundle procedures.

Dynamic knee function: Anatomical ACL Reconstruction
In the last decade, anatomic placement of ACL grafts has become a more widely accepted
principle for ligament reconstruction. Anatomic ACL reconstruction techniques aim to better
restore the normal anatomy and biomechanics of the knee, and are hypothesized to
potentially decrease the incidence of OA after ACL reconstruction. Cadaver studies have
shown mixed results comparing anatomical single-bundle ACL reconstruction procedures to
anatomic double-bundle procedures, with some reporting superior stability for double-
bundle [52] and others reporting little difference for anatomic double-bundle compared to
centrally placed single-bundle reconstructions.[53] Though differences in the outcomes of
single-bundle and double-bundle ACL reconstruction comprise a topic of ongoing
discussion, it is generally believed that both methods benefit from anatomical tunnel
placement. [38,54,55]

Controversy over the possible merits of both anatomical and double-bundle techniques for
restoring knee function has motivated a number of in vivo kinematics studies over the last
several years. Abebe et al., using biplanar fluoroscopy and MR imaging, reported that
anatomical femoral placement of the graft in single-bundle reconstruction resulted in a more
stable knee (Figure 2). [56] While subjects with non-anatomical graft placement had up to
3.4 mm more anterior tibial translation, 1.1 mm more medial tibial translation and 3.7° more
internal tibial rotation compared to the contralateral side, subjects with anatomic graft
placement had motion that more closely replicated that of the intact knee (Figure 3). The
additional benefit of double-bundle (vs. single-bundle) anatomic reconstruction for restoring
kinematics has, however, yet to be established. Several video-motion analysis studies have
found no differences in knee kinematics and rotational stability between double-bundle and
single-bundle ACL-reconstructed knees during gait, high-demand pivoting activities and
other dynamic movement tasks (Figure 4). [57,58,59,60] These studies concluded that both
techniques were able to restore tibial rotational excursion when compared with the
contralateral knees and/or with control knees from uninjured subjects. However, these
studies cannot definitively address differences between single and double-bundle anatomic
ACL reconstruction, due to concerns regarding the ability of surface marker based
techniques for assessing small (but potentially important) differences in transverse and
coronal-plane rotations or assessing shifts in tibiofemoral contact locations.

Radiographic studies reporting dynamic knee function during high-demand activities after
anatomical reconstruction (single-bundle or double-bundle) have yet to appear in the peer-
reviewed literature. A pilot study was performed at the University of Pittsburgh
Biodynamics Laboratory to evaluate the effectiveness of anatomical double-bundle ACL
reconstruction for restoring normal knee kinematics. Eight subjects with isolated ACL
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ruptures were tested during downhill running approximately 6 months after ACL
reconstruction, using methods similar to those employed for previous studies. [46] An
anatomical double-bundle surgical procedure was employed to place graft tunnels within the
native footprints of the AM and PL bundles. Biplane x-ray images were collected at 150
frames/s during the early to mid-stance phase of running, and a model-based tracking
method was employed to determine tibiofemoral kinematics [28]. Tibio-femoral rotations and
translations were determined and compared for the reconstructed and uninvolved limbs. No
statistically (or clinically) significant differences were found between reconstructed and
contralateral limbs for any kinematic variables after anatomical double-bundle
reconstruction; mean between-limb differences were 0.4° for external rotation, 0.1° for
abduction and 0.7 mm for A/P translation. These preliminary results suggest that anatomical
double-bundle reconstruction may be more effective in restoring pre-injury knee function
than more traditional techniques (Fig. 6). A larger, randomized study is currently underway
to rigorously evaluate this hypothesis. (Irrgang, Fu and Tashman, In Press)

Discussion
Several methods for the objective assessment of in vivo motion have been developed. The
most common methods utilize high-speed cameras or skin marker based video-motion
capture systems.[61] The advantages of these systems are their ease of application, safety and
quick data processing. However, the accuracy of these methods is limited (to several mm at
best) by the relative motion between the markers and the skin,[62] and may be inadequate to
detect meaningful differences between similar procedures. Dual fluoroscopy (for relatively
low-demand tasks) [25] and dynamic stereo-radiography (providing short imaging times and
high frames rates for more strenuous activities) [27] are more complex, expensive and
invasive (due to radiation exposure), but provide reliable, high-precision assessment of tibio-
femoral kinematics (typically ±0.1-0.3 mm accuracy; an order of magnitude or more better
than surface-marker techniques, even when employing artifact reduction approaches). These
radiographic methods are becoming more widely available, and are likely over the next few
years to provide definitive answers regarding the relative merits of different surgical
procedures for restoring dynamic joint function and stability.

In vitro biomechanics studies can focus on very specific aspects of ligament properties and
behavior, but are insufficient to establish clinical efficacy. For example, the mechanical
properties of different graft materials have been well characterized using tensile testing
machines. However, the relationship between pre-implantation graft properties and actual
graft function after months of healing, loading and remodeling has not been established.
Conversely, in vivo human studies have direct clinical relevance, but may be confounded by
uncontrolled factors that can cloud interpretation of results. Thus, basic/cadaver research
studies are well suited for establishing a scientific basis for developing improved ACL
reconstruction procedures. However, these studies must be followed by carefully designed
and controlled clinical investigations with appropriate outcome measures.

The majority of ACL-reconstructed knees are clinically stable, regardless of surgical
technique. Differences in functional stability have been identified between ACL-
reconstructed and contralateral knees, but these differences are subtle and require sensitive
outcome measures to detect. Rotational instability has been discussed as a potentially
important indicator of surgical outcome, though there are no standardized approaches for
assessing rotational laxity. A measurement of tibial rotation in response to an applied torque
was insufficient to detect the difference between single- and double-bundle
reconstructions,[53,63] whereas the dynamic evaluation of the clinically performed pivot shift
test found that double-bundle reconstruction led to improved rotational stability.[39,64,65]

Since simple load-displacement types of laxity measurement appear to be relatively
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insensitive to surgical procedure and do not reliably correlate with clinical outcomes, tests
that better replicate functional knee loading are necessary to evaluate knee function after
reconstruction. Previous in vivo dynamic studies demonstrated residual rotational instability
in ACL reconstructed patients with normal anterior stability but non-anatomically placed
grafts.[41,45,66] Similar studies are underway and required to evaluate the potential benefits
of anatomical reconstruction techniques.

Conclusion
Concerns about the high rates of OA after ACL reconstruction, along with recent evidence
of inadequate restoration of joint kinematics in reconstructed knees, have lead to a
reevaluation of surgical procedures with the goals of better restoring both native ACL
anatomy and dynamic knee function. While consensus is growing concerning the benefits of
more anatomical graft placement, the merits of double-bundle reconstruction for further
improving knee function have yet to be firmly established. Well-designed studies, using
state-of-the art tools to assess knee kinematics under in vivo, dynamic, high-loading
conditions, are necessary to evaluate the relative performance of different procedures for
restoring normal joint motion. Additionally, long-term studies are required to establish
whether better restoration of knee kinematics is associated with superior clinical results and
reduced incidence of OA after ACL injury.
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Key Points [DE PLEASE HAVE AUTHOR REVISE THESE...]

1. Current treatment approaches are moderately successful for restoring function,
with most individuals able to return to their pre-injury level of sports activity

2. While there are many factors that may contribute to joint degeneration,
persistent abnormal knee mechanics are often implicated in the initiation and
progression of osteoarthritis (OA) in the ACL-injured/reconstructed knee

3. Concerns about the high rates of OA are largely responsible for the increased
interest over the last several years on more anatomical approaches to ACL repair
and reconstruction.
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Figure 1.
Arthroscopic view of the intact ACL, in 90 degrees of knee flexion. The intact native ACL
consists of two instinct bundles; anteromedial (AM) and posterolateral (PL) bundle can been
seen, separated by a septum.
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Figure 2.
Non-anatomic tunnel placement in double-bundle ACL reconstruction (A, B). Anatomic
tunnel placement in double bundle ACL reconstruction (C, D).
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Figure 3.
Multi-planar, high resolution MR imaging was used to create 3D models of the knee,
including the attachment sites of the ACL and graft (A). Biplanar fluoroscopy was used to
record each subject's knee motion during a single leg lunge (B). Fluoroscopic images and
3D models were used to reproduce the motion of the each subject's knees during the lunge
(C). From these models, the length and orientation of the ACL and graft were measured (D).
(Reprinted with permission from Abebe, E. S., G. M. Utturkar, et al. (2011). “The effects of
femoral graft placement on in vivo knee kinematics after anterior cruciate ligament
reconstruction.” J Biomech 44(5): 924-929.)
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Figure 4.
In the sagittal plane, anteroproximal grafts were more vertical than the native ACL (A),
while the anatomic grafts (B) more closely restored the sagittal plane orientation of the
native ACL. When their respective differences from native were averaged across all flexion
angles, anteroproximal grafts were more vertical compared to the anatomic grafts (C) (*: p <
0.05). (Reprinted with permission from Abebe, E. S., G. M. Utturkar, D. C. Taylor, et al.:
The Effects of Femoral Graft Placement on in Vivo Knee Kinematics after Anterior Cruciate
Ligament Reconstruction. J Biomech. 44(5): 924-929 (2011).)
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Figure 5.
Tibial rotation (mean±SD) of examined groups. There was no significant difference in tibial
rotation either between the 4 groups or between sides. The mean knee rotation for the single-
and double-bundle groups was lower than the control group. (Reprinted with permission
from Tsarouhas, A., M. Iosifidis, D. Kotzamitelos, et al.: Three-Dimensional Kinematic and
Kinetic Analysis of Knee Rotational Stability after Single- and Double-Bundle Anterior
Cruciate Ligament Reconstruction. Arthroscopy. 26(7): 885-893 (2010).)
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Figure 6.
Estimated contact paths during running (foot strike to mid-stance) for ACL-reconstructed
(anatomical double-bundle, red traces) vs. contralateral, uninjured joints (Blue traces). There
were no significant differences.
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