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Abstract

Background: Graft placement is a modifiable and often discussed surgical factor in ACL
reconstruction (ACLR). However, the sensitivity of functional knee mechanics to variability in
graft placement is not well understood.

Purpose: (1) Investigate the relationship between ACL graft tunnel location, graft angle, and
tibiofemoral kinematics in ACLR patients

(2) Compare experimentally measured relationships to those observed with a computational model
to assess the predictive capabilities of the model
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(3) Use the computational model to determine the effect of varying ACL graft tunnel placement on
tibiofemoral joint mechanics during walking

Study Design: Controlled Laboratory Study

Methods: Eighteen subjects that had previously undergone an ACLR were tested. Bilateral
ACL footprint location and graft angle were assessed using magnetic resonance images (MRI).
Bilateral knee laxity was assessed at the completion of rehabilitation. Dynamic MRI was used

to measure tibiofemoral kinematics and cartilage contact during active movement. Five-hundred
virtual ACLR models were created from a nominal computational knee model by varying ACL
footprint locations, graft stiffness, and initial tension. Laxity tests, active knee extension, and
walking were simulated with each virtual ACLR model. Correlations between internal knee
mechanics and ACL graft tunnel location and angle were determined for both the ACLR patients
and the virtual ACLR models.

Results: Static and dynamic MR imaging revealed that a more vertical graft in the sagittal

plane was correlated (/£<0.05) with a greater laxity compliance index and greater anterior tibial
translation and internal tibial rotation during active knee extension. Similarly, knee extension
simulations with the virtual ACLR models revealed that a more vertical graft led to greater laxity
compliance index, anterior translation, and internal rotation. These effects extended to simulations
of walking, with a more vertical ACL graft inducing greater anterior tibial translation, ACL
loading, and posterior migration of contact on the tibial plateaus.

Conclusions: This study provides clinical evidence from ACLR patients and complementary
modeling that functional post-operative knee mechanics are sensitive to graft tunnel locations and
graft angle. Of the factors studied, the sagittal angle of the ACL was particularly influential on
knee mechanics.

Clinical Relevance: Early onset osteoarthritis (OA) from altered cartilage loading following
ACLR is common. This study shows that post-operative cartilage loading is sensitive to graft
angle; therefore, variability in graft tunnel placement resulting in small deviations from the
anatomic ACL angle might contribute to the elevated risk of OA following ACLR.

Keywords
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Introduction

The placement of anterior cruciate ligament (ACL) graft tunnels is an important surgical
factor in ACL reconstruction (ACLR) procedures. Tunnel placement determines the femoral
and tibial graft footprints and is a primary determinant of graft angle in the frontal

and sagittal planes. Many current ACLR techniques aim to position the graft within the
native ACL footprints with the goal of restoring normal knee laxity.16:39:45.68 However,

in practice, variability in arthroscopic techniques results in ACL graft footprints that

often deviate from the native footprints.24957 |t is important to understand the effects

of such surgical variability on knee behavior because abnormal joint loading likely
contributes to the initiation and progression of cartilage damage patterns characteristic of
osteoarthritis.#10.21.28
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Dynamic imaging technologies have identified systematic abnormalities in kinematics and
cartilage contact patterns in ACLR patients. For example, prior studies detected a bias
toward external tibial rotation during active movement,30:35.63 which results in a posterior
shift of contact on the medial tibial plateau.3! There is some evidence that graft angle
contributes to these asymmetries in ACLR knee mechanics, with a more vertical graft in the
sagittal plane associated with greater side-to-side differences in anterior tibial translation and
internal tibial rotation.1:51:53 However, a major challenge in ACLR patient imaging studies
is decoupling the effect of ACL graft tunnel location and graft angle from other surgical
factors, such as graft type,5° stiffness,*8:62 sand initial tension,14:46 which also influence
internal knee loading.

To complement ACLR patient studies, computational models can be used to decouple the
influence of multiple surgical factors on internal joint mechanics.”:8:2543 For example,
Dhaher et al.2> used a finite element model to simulate an ACL reconstructive procedure
using a bone—patellar-tendon—bone autograft. That study found that anterior joint laxity
measured during an anterior drawer test is primarily dependent on tunnel placement and
secondarily on graft initial tension. Other modeling studies have investigated the effects of
ACL femoral footprint location, stiffness, and initial tension on joint laxity.”43 However,
these previous studies did not provide any validation of the model predictions. It also
remains unclear how laxity measures relate to knee behavior during functional tasks such as
walking.

The objectives of this study were (1) to investigate the relationship between ACL graft
tunnel location, graft angle in the frontal and sagittal planes, and tibiofemoral kinematics
in ACLR patients, (2) to compare these experimentally measured relationships to those
observed with a computational model to assess the predictive capabilities of the model, and
(3) to use the computational model to determine the effect of varying ACL graft tunnel
placement on tibiofemoral joint mechanics during walking. Based on these objectives, we
hypothesized that (1) a more vertical graft in the sagittal plane would correlate with greater
joint laxity, anterior tibial translation, and internal tibial rotation in ACLR patients, (2)

a similar relationship between ACL graft tunnel location, graft angles, and tibiofemoral
kinematics would be observed between experiments and simulations, and (3) a more vertical
graft in the sagittal plane would lead to altered tibiofemoral kinematics, cartilage contact
patterns, and ACL loading during simulated walking.

2. Methods

Participants

Potential subjects were identified from the University of Wisconsin Health Sports Medicine
Outcomes Program database. Eligible subjects were patients who underwent a primary,
unilateral ACLR within the past one to four years, had no other concurrent ligament
damage, had no post-operative complications, and had no history of pain, injury, surgery,
or inflammatory or crystalline-induced arthritis in the contralateral knee. Based on previous
work investigating the relationship between ACL angle and tibiofemoral kinematics during
walking,>? it was determined that a minimum of 14 subjects would need to be tested in
order to achieve a significant coefficient of determination with a power of 80% and a. =
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0.05.28 Eighteen subjects agreed to participate in the study (nine male, nine female; 24.8 +
5.7 [mean * standard deviation] years; 78.9 + 16.5 kg; 20.2 £+ 8.7 months post-surgery). The
graft type used for the ACLR (nine bone—patellar-tendon—bone grafts, nine hamstrings
tendon grafts) and the presence of absence of meniscus tears (one subject with small stable
medial and lateral meniscal tears, two subjects with small partial lateral meniscectomies)
were not controlled. Subjects provided written informed consent according to the University
of Wisconsin-Madison Institutional Review Board-approved protocol.

Clinical Assessment of Knee Anterior Laxity

Licensed physical therapists at the UW Health Sports Medicine Clinic assessed anterior
laxity in reconstructed and contralateral knees following each subject’s clearance from post-
surgical rehabilitation (9.2 £ 3.5 months post-op). Anterior tibial translation was measured
with a KT-1000 arthrometer under 67 N (15 Ibs) and 89 N (20 Ibs) of anterior load (Figure
1). The compliance index was computed as the difference in anterior tibial translation under
these two loads.3

Magnetic Resonance Imaging

Each subject underwent a static bilateral magnetic resonance imaging (MRI) protocol using
an 8-channel phased array extremity coil (InVivo, Orlando, FL) within a 3.0 T clinical

MR scanner (Discovery MR750, GE Healthcare, Waukesha, WI). A three-dimensional (3D)
spoiled gradient recall-echo with iterative least squares estimation of fat-water separation
(IDEAL-SPGR) sequence (in-plane resolution = 0.37 x 0.37 mm; slice thickness = 0.9
mm) was used to obtain high-resolution images of the knee to characterize bone geometry.
The IDEAL-SPGR images were manually segmented (MIMICS, Materialise Group, Leuven,
Belgium) to create 3D models of the femoral and tibial bone geometries (Figure 1). A 3D
fast spin-echo (FSE) Cube sequence (in-plane resolution = 0.39 x 0.39 mm; slice thickness
= 1.0 mm) was used to characterize ACL graft footprint locations and graft angle. The 3D
FSE Cube images were manually segmented to create models of the contralateral native
ACL and ACL graft geometries. All models were smoothed and converted into triangular
meshes (Geomagic Studio, 3D Systems, Rock Hill, SC and MeshLab, Visual Computing
Lab-ISTI-CNR, Pisa, Italy). Anatomic coordinate systems were independently defined for
the femoral and tibial bone models.**

The native ACL and ACL graft footprints were identified as the intersections of the

ACL meshes with the femoral and tibial bone meshes. The ACL footprint locations were
defined as the centroid of the femoral and tibial footprints (Figure 1). The ACL angle was
determined by fitting a cylinder to the mid-substance of the ACL and then finding the angle
between that cylinder and the tibial plateau in both the frontal and sagittal planes. The ACL
angle was computed with the knee in the MRI scanning posture (approximately 10° knee
flexion).

Dynamic MRI was performed bilaterally to characterize tibiofemoral kinematics during
active movement. Subjects were positioned supine in the scanner with their lower leg
secured to an inertial loading device®® (Figure 1). Cyclic knee flexion-extension was
voluntarily performed at 0.5 Hz, with the device inducing active quadriceps loading with
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knee flexion.88:67 \lolumetric MRI data was continuously acquired for five minutes using

a vastly under-sampled isotropic projections spoiled gradient-echo (VIPR-SPGR) sequence
(1.5-mm isotropic resolution; repetition time, 4 ms; echo time, 1.4 ms; flip angle, 8°;

field of view, 48 cm). Image data across cycles were sorted into similar phases of the
flexion-extension cycle using knee angle as measured via an MRI-compatible rotary encoder
attached to the lever arm (Micronor Inc., Camarillo, CA). The sorted data were reconstructed
into 60 volumetric image sets throughout the flexion-extension cycle.33 Dynamic MRI

was performed bilaterally to characterize tibiofemoral kinematics during active movement.
Subjects were positioned supine in the scanner with their lower leg secured to an inertial
loading device®® (Figure 1). Cyclic knee flexion-extension was voluntarily performed at 0.5
Hz, with the device inducing active quadriceps loading with knee flexion.66:67 \olumetric
MR data was continuously acquired for five minutes using a SPGR sequence with vastly
under-sampled isotropic projections (SPGR-VIPR; 1.5-mm isotropic resolution; repetition
time, 4 ms; echo time, 1.4 ms; flip angle, 8°; field of view, 48 cm). Image data across cycles
were sorted into similar phases of the flexion-extension cycle using knee angle as measured
via an MRI-compatible rotary encoder attached to the lever arm (Micronor Inc., Camarillo,
CA). The sorted data were reconstructed into 60 volumetric image sets throughout the
flexion-extension cycle.33

Tibiofemoral kinematics were measured by registering the femoral and tibial geometries to
the dynamic MRIs at each frame of the motion cycle.33:34 Tibiofemoral translations were
defined as the 3D position of the tibia relative to the femur. Tibiofemoral orientation was
defined by successive flexion, adduction, and internal rotation angles of the tibia relative

to the femur.2? Tibiofemoral kinematics were low-pass filtered with a cut-off frequency

of 5 Hz. Kinematics metrics were defined as the tibiofemoral translations and rotations

at peak knee flexion. While peak knee flexion varied across subjects (range = 35° to

48°), this instance was chosen because it corresponds closely to peak quadriceps loading.56
Tibiofemoral kinematics were measured by registering the femoral and tibial geometries to
the dynamic MRIs at each frame of the motion cycle.33:34 Tibiofemoral translations were
defined as the three-dimensional position of the tibia relative to the femur. Tibiofemoral
orientation was defined by successive flexion, adduction, and internal rotation angles of the
tibia relative to the femur.2° Tibiofemoral kinematics were low-pass filtered with a cut-off
frequency of 5 Hz. This method of assessing tibiofemoral kinematics using dynamic MRI
has been shown to have a bias of less than 0.8° and 0.5 mm and a precision of less than
0.9° and 0.5 mm.34 Kinematics metrics were defined as the tibiofemoral translations and
rotations at peak knee flexion. While peak knee flexion varied across subjects (range =

35° to 48°), this instance was chosen because it corresponds closely to peak quadriceps
loading.56

Virtual ACL Reconstructions

A computational knee model was used to simulate ACL reconstructions (Figure 1). The
knee model was previously constructed from high-resolution MRIs of a healthy adult
knee.3” The model includes representations of the femur, patella, tibia, and medial and
lateral menisci. An elastic foundation formulation was used to compute cartilage-cartilage
and cartilage-meniscal contact pressures.®59 Fourteen major knee ligaments and seven
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meniscal attachments were represented as bundles of ligament strands with their origins

and insertions determined from the MRIs. Ligament strands were defined as nonlinear
springs characterized by their stiffness and slack length. Stiffness parameters for individual
ligaments were computed as the product of the ligament cross-sectional areas, as measured
from MRIs, and an assumed elastic modulus of 125 MPa.20 Slack lengths were adapted from
previous studies,>:56

The knee model was incorporated into an existing lower-limb model with 44 muscles
acting about the hip, knee, and ankle joints.> The combined model was implemented in
the Software for Interactive Musculoskeletal Modeling (SIMM). The Dynamics Pipeline
(Musculographics, Inc., Santa Rosa, CA) and SD/Fast (Parametric Technology Corp.,
Needham, MA) were used to generate the multibody dynamics equations of motion.24
The model was previously validated by comparing simulated knee mechanics to measured
tibiofemoral and patellofemoral kinematics.3’ This validated model will subsequently be
referred to as the native model.

A total of 500 virtual ACLR models were created from the native model. Each virtual ACLR
model was generated by simultaneously varying the ACL footprint locations, stiffness, and
initial tension within bounds representative of those observed clinically.1’:41.64 Femoral
footprints were randomly varied within £5 mm of the native location in the anterior-
posterior (A-P) and superior-inferior (S-1) directions. Tibial footprints were randomly varied
within £5 mm of the native location in the A-P and medial-lateral (M-L) directions. This
range was selected to approximate the variability observed in the ACLR patients in the
present study. For each virtual ACLR model, the ACL footprints were not projected back
onto the bone surface after moving the footprint location. This approach was used to avoid
inducing M-L variations in the femoral footprint and S-I variations in the tibial footprint,
which could have led to confounding effects on knee mechanics. This resulted in minimal
residual distance between the ACL footprint and the bone surface for some of the virtual
ACLR models, with a maximum residual distance of approximately 2 mm between the
femoral footprint and the bone surface. ACL stiffness was randomly varied between 150
N/mm and 750 N/mm, with this range defined based on the stiffhess in the native model £
50%.%8 ACL initial tension at full knee extension was randomly varied between 0 N and 150
N.4164 This was performed by setting a parameter within the force-length relationship of the
ACL that corresponded to the ACL initial tension at full knee extension.12

Simulated Movements

Each of the 500 virtual ACLR models and the native model were used in simulations of a
KT-1000 laxity assessment, active knee extension, and over-ground walking. The simulation
of the KT-1000 assessment consisted of a forward dynamic simulation with the knee flexion
angle fixed at 20° and a point load applied to the tibia in the anterior direction (Figure 1).
The load was applied 20 cm distal to the tibiofemoral joint line and was ramped from O N to
89 N to replicate the clinical assessment. The anterior translation of the tibia relative to the
femur under applied loads of 67 N and 89 N was extracted. These anterior translations were
used to compute the compliance index of the virtual ACLR models and the native model.
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Active knee extension was simulated with the knee flexion angle fixed at 30°, and the
quadriceps and hamstrings muscles activated to 15% and 5%, respectively (Figure 1). The
30° angle reflected the average peak knee flexion reached by ACLR patients during the
dynamic MRI task. The muscle activations were equivalent to those observed at the time

of peak ACL loading during simulated gait from the final portion of this study. These
activations resulted in combined quadriceps and hamstrings muscle forces of 655 N and 130
N, respectively. At the end of each simulation, the tibiofemoral kinematics that resulted from
the applied muscle loads were extracted.

Finally, the knee behavior during over-ground walking for each of the virtual ACLR

models was simulated. Whole body kinematics and ground reaction forces were previously
measured for the subject from which the knee model was generated.3” The Concurrent
Optimization of Muscle Activations and Kinematics (COMAK) simulation routine was
used to calculate the muscle forces and internal knee mechanics at each frame across the
gait cycle.1®60 The weighted sum of squared muscle activations was minimized to resolve
muscle redundancy.1® The relationship between graft tunnel locations, graft angle, and
simulated tibiofemoral kinematics, contact pressure on the medial and lateral tibial plateaus,
and the peak ACL loading was examined.

Statistical Analysis

Non-anatomic ACL graft tunnel locations and graft angle were assessed experimentally by
computing side-to-side differences (reconstructed minus contralateral) in the ACL femoral
and tibial footprint locations and the ACL angle in the frontal and sagittal planes for the
ACLR patients. Paired t-tests (a. = 0.05) were performed to determine if significant biases
existed in the side-to-side differences in graft tunnel location and graft angle.

Asymmetric knee mechanics were assessed by computing side-to-side differences
(reconstructed minus contralateral) in the anterior laxity and tibiofemoral kinematics
metrics. A least-squares linear regression was performed between the non-anatomic ACL
graft tunnel location and graft angle metrics and the asymmetric knee mechanics metrics (a
= 0.05). The slope of the linear regression model () was used to assess the sensitivity of
post-operative knee mechanics to these surgical factors.

Non-anatomic ACL graft tunnel locations, graft angle, stiffness, and initial tension were
assessed by computing differences in these metrics between each of the 500 virtual ACLR
models and the native knee model (virtual ACLR model minus native). Similarly, abnormal
knee mechanics were assessed by computing differences between the ACLR simulations
and the native simulations. This was done for all simulations (i.e. the KT-1000, knee
extension task, and gait simulations). A least-squares linear regression was performed
between the abnormal knee mechanics metrics and the non-anatomic ACL graft tunnel
locations, graft angle, stiffness, and initial tension metrics to assess the effect of varying
these surgical factors on post-operative knee mechanics. The slope of the linear regression
model (B) was used to assess the sensitivity of knee mechanics to these surgical factors. To
validate the simulations, the predicted relationship between graft tunnel locations and graft
angle on knee mechanics from the KT-1000 and active knee extension simulations were
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compared to those observed from the experimental KT-1000 assessment and active knee
flexion-extension results, respectively (Figure 1).

In Vivo ACLR Study

Side-to-side differences in ACL geometry measured in the ACLR patients (ACL graft minus
native ACL) were —2.3 + 0.8 mm (range: —6.8 to 2.3 mm) in the A-P direction and 0.2 + 0.3
mm (range: —3.6 mm to 4.9 mm) in the M-L direction for the tibial tunnel location, 0.7 £
0.6 mm (range: —4.2 mm to 6.4 mm) in the A-P direction and -0.5 £ 2.7 mm (range: —8.8
mm to 10.3 mm) in the S-I direction for the femoral tunnel location, and 0.7 + 0.01° (range:
-11.5° t0 13.5°) in the frontal and —2.6 + 1.4° (range: —18.4° to 8.1°) in the sagittal plane. A
significant difference was only observed in the tibial tunnel A-P location (p = 0.001).

Non-anatomic ACL graft angle was significantly related to side-to-side differences

in anterior knee laxity and tibiofemoral kinematics in the ACLR patients (Table 1).
Specifically, a more vertical graft in the sagittal plane was related to a greater compliance
index during KT-1000 assessment of anterior laxity (Figure 2, £=0.049). However,

there were no significant correlations between ACL graft angle and absolute anterior

tibial translation during KT-1000 assessment. During active knee flexion-extension, a more
vertical graft in the sagittal plane was also linked to greater anterior tibial translation (P =
0.049), internal tibial rotation (P=0.042), and tibial adduction angle (P=0.013, #=0.15
deg/deg) at peak knee flexion during dynamic MRI measurements (Figure 2). Additionally, a
more vertical graft in the frontal plane and a more superior femoral footprint location were
significantly related to greater medial tibial translation measured using dynamic MRI (P=
0.046, 8= 0.089 "7 yo;and P=0.021, B=0.26 ""Vmm, respectively).

Computational Model Study

Simulated variations in the femoral tunnel location of +/-= 5 mm in the AP and Sl directions
and the tibial tunnel location of +/-= 5 mm in the AP and ML directions led to a range

in the ACL sagittal plane angle of 33.8° to 79.3° and in the ACL frontal plane angle of
56.5° to 85.6° (Figure 3). These virtual ACLR simulations predicted causal relationships
between ACL graft tunnel locations and graft angle and knee mechanics that were consistent
with trends observed in the ACLR patients (Table 1). For example, during the simulated
KT-1000 assessment, the sagittal plane angle of the ACL was positively correlated with

the compliance index (Figure 2, 8= 0.0083 7"/ 4,). Similarly, a more vertical graft in the
sagittal plane was correlated with increased anterior tibial translation (8= 0.12 ™7 4,),
internal tibial rotation (8= 0.074 %9/ 4,,), and tibial adduction (8= 0.031 %9 4,) during
simulated knee extension. Finally, a more vertical graft in the frontal plane and a more
superior femoral footprint position led to greater medial tibial translation (8= 0.041 "7 4.,
and B = 0.010 ™7 mm, respectively).

The ACLR simulations also provided insights into the sensitivity of knee mechanics during
walking to ACL graft tunnel locations, graft angle, stiffness, and initial tension (Figure 4,
Table S1). At the time of peak ACL load, the model predicted that a more vertical graft in
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the sagittal plane and a more posterior tibial footprint location resulted in increased anterior
tibial translation. In addition, a more vertical graft in the sagittal plane and a more anterior
femoral footprint location increased peak ACL load. A greater ACL graft initial tension and
stiffness led to a decrease in the anterior translations (R = 0.48, 8= —0.02 ™7/ y;and R =
0.089, 8= —0.003 ™7 ;... respectively) and an increase in ACL force (RZ=0.59, §=0.80
Niyand RZ=0.19, B=0.12 M pymm respectively) at the time of peak ACL load (Figure S1).

These effects of ACL graft tunnel location, graft angle, stiffness, and initial tension on
kinematics during walking extended to cartilage contact (Figure 5, Table S1). During the
stance phase, a more vertical graft in the sagittal plane led to a posterior migration of

the center of pressure and an increase in the maximum contact pressure on the medial

tibial plateau (Figure 6; R =0.23, 8= ~0.049 " 45 and RZ=0.28, = 0.023 M4 4,
respectively) and lateral tibial plateau (R = 0.20, 8= ~0.037 ™" gopand R?=0.23, =
0.0036 Mpa/deg, respectively). Additionally, a more posterior tibial footprint led to a posterior
migration of the center of pressure on the medial tibial plateau (/4= 0.27, 8= 0.16 ™7 ;)
and lateral tibial plateau (RZ = 0.30, 8= 0.14 ™7/} an increase in contact pressure on

the medial plateau (RZ=0.25, #=-0.066 M7, ) and a decrease in contact pressure on
the lateral plateau (/2= 0.28, S=0.012 M74 ) A reduction in the graft initial tension

and stiffness led to a posterior migration of the center of pressure on the medial plateau
(Figure S2; RZ=0.50, #=0.02 "™ yyand RZ = 0.083, B =0.0021 ™" pym, respectively) and
lateral plateau (RZ = 0.47, #=0.016 ™7 p;and RZ = 0.10, B = 0.0018 ™" pyppm, respectively).
Decreasing the graft initial tension and stiffness also led to an increase in maximum contact
pressure on the medial plateau (/2 = 0.40, 8= -0.0075 M7y, and R = 0.056, B = 0.0007
MFey . Tespectively) and a decrease in maximum contact pressure on the lateral plateau
(R2=0.56, = 0.0048 MF4| yand RZ = 0.23, B=0.00079 MF2/ .. .. respectively).

Discussion

This study of ACLR patients and virtual ACLR models investigated the influence of
surgical factors on knee mechanics. Our results demonstrate that the placement of the graft
in the sagittal plane is a primary geometric determinant of internal knee mechanics. A

more vertical graft placement induced greater laxity, anterior tibial translation, peak graft
force, and elevated cartilage contact pressure on the posterior aspect of the tibial plateau
during walking. ACL graft placement effects were significant even when simultaneously
varying graft stiffness and initial tension to capture patient-to-patient differences, suggesting
that graft angle is a primary surgical factor affecting long-term joint biomechanics. To

our knowledge, this is the first study to integrate measurements on ACLR patients and
biomechanical models to isolate the effect of multiple ACLR surgical factors on post-
operative knee mechanics. These findings provide insight into the relative contributions of
ACL graft tunnel placement and graft angle on long-term patient outcomes following ACLR.

Optimal ACL graft placement has long been debated, with the target for ACL graft tunnel
location varying over time. Contemporary approaches have trended towards the goal of
restoring the native ACL footprints (i.e. an anatomic graft placement).18:52 This technique
is supported by prior studies that have detected links between non-anatomic graft angle and
abnormal knee mechanics. For example, a more vertical graft in the sagittal plane has been
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linked with greater anterior and rotational laxity6-3® and larger anterior tibial translation,
medial tibial translation, and internal rotation in ACLR patients during a quasi-static lunge.!
We observed similar results in the ACLR patients in this study, with a non-anatomic sagittal
graft angle correlated with side-to-side differences in anterior laxity measures, and both
anterior tibial translation and internal tibial rotation during active movement. The causality
of these relationships was confirmed with a computational model, which predicted similar
relationships between graft tunnel locations, graft angle, laxity, and tibiofemoral kinematics
to those measured in ACLR patients.

Previous ACLR techniques aimed to place the femoral tunnel anterior of the native ACL
footprint (i.e. a non-anatomic ACLR) with the goal of achieving a graft that remained
isometric throughout the knee range of motion.>% One of the motivators of this approach was
to minimize loading on the ACL graft and, thus, reduce the risk of graft rupture. Previous
cadaveric studies provided support to this approach by showing that this technique can
achieve a relatively isometric ACL during passive knee flexion-extension, typically using
a transtibial, one-incision drilling technique.#0:47.69 However, it has also been observed
that this surgical technique commonly results in a more vertical graft in the sagittal plane
and is associated with an increased risk of secondary ACL rupture.3242 The findings of
this study provide a mechanistic understanding of the pitfalls of this previous approach by
showing that a more vertical graft in the sagittal plane and a more anterior femoral tunnel
location leads to increased force in the ACL during gait. However, the results of this study
also indicate that targeting a more horizontal ACL graft, with the goal of reducing ACL
force, is not optimal due to potential changes in cartilage loading. Thus, these findings
provide additional support for targeting the native ACL footprint location and angle when
performing ACLR.

The consistency between the results from ACLR patients and virtual ACLR models provided
confidence in extending the model to investigate the influence of surgical factors on more
functional knee mechanics. We investigated over-ground walking because altered cartilage
loading patterns during locomaotion are considered to be one of the primary factors in
initiating cartilage damage in ACLR knees.2! These simulations again revealed a strong link
between sagittal plane graft angle and functional knee mechanics, with a more vertical graft
leading to greater anterior tibial translation, ACL loading, and cartilage contact pressure
(Figure 6). Both ACL stiffness and initial ACL tension also affected the anterior tibial
translation and cartilage loading seen in walking though there is the potential for stiffness
and tension to adapt over time.611:13 These findings suggest that surgical variability in graft
tunnel locations, graft angle, stiffness, and initial tension all contribute to short-term knee
behavior following ACLR, with graft angle being the surgical factor that has a consistent
effect in the long-term.

The sensitivities of internal knee mechanics to variations in ACL graft tunnel locations

and graft angle observed in this study may help in restoring common abnormalities seen

in ACLR patients. Many studies have reported a bias towards external tibial rotation in
ACLR knees during a range of tasks.27:30.3554.63 Fyrther, a prior study using biplane
fluoroscopy during a quasi-static lunge found that ACLR knees exhibited a posterior-lateral
shift in cartilage contact location on the tibial plateaus.3! Our study suggests these altered
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kinematics and cartilage contact patterns could arise from non-anatomic ACL graft tunnel
placements. In particular, we found that the angle of the graft in the sagittal plane was
linked to asymmetries in external tibial rotation (Table 1) and anterior-posterior cartilage
contact location (Figure 4). In our surgical simulations, the sagittal plane graft angle was
primarily influenced by the anterior and superior placement of the femoral footprint and
the anterior placement of the tibial footprint (Figure 2). These findings demonstrate the
importance of placing the femoral and tibial graft footprint within the anatomic locations to
restore normative knee mechanics.

Recent modifications to ACLR surgical techniques have focused on improving the accuracy
of graft tunnel placement, thus allowing surgeons to more closely re-create anatomic femoral
and tibial graft footprints. Traditional transtibial graft placement typically results in femoral
footprints an average of 8 to 9 mm from the center of the native femoral footprint.2:36

The use of two-incision arthroscopic techniques, which place the femoral and tibial tunnels
independently, has led to increased accuracy in tunnel placement relative to the native
footprint locations,> with an average error of 3 mm in the femoral footprint location.2
However, our findings suggest that errors in tunnel placement of that magnitude can

induce substantial changes in ACL orientation (Figure 3), and thereby contribute to residual
abnormal knee mechanics. Thus, further advancements in surgical technique, such as highly
accurate placement of both femoral and tibial tunnels using computer-assisted and robotic
guidance, 1949 may be important to fully restore ACL orientation and normative mechanics.

Four limitations should be considered when interpreting the findings of the present study.
First, we did not control for graft type5® or initial graft tension1446 in ACLR patient
cohort. To account for these factors that vary from patient to patient, we randomly varied
graft stiffness and initial tension, in addition to graft tunnel placement, in the virtual
ACLR models. Initial tension had a larger effect on simulated knee mechanics than graft
stiffness. However, it has previously been shown that graft stiffness and tension change
following surgery due to graft relaxation and remodeling.611:13 Hence, of the parameters
considered, graft tunnel placement is the factor that is most controllable by surgeons over
the long-term. Second, the simulation technique used in this study was unable to account
for the differences in morphology that exist between a native ACL and an ACL graft, given
that the ACL is represented by a bundle of nonlinear spring elements. However, recent
developments in coupled finite element and multi-body dynamic models3® may provide
the capability to account for this difference in future work and to determine if differences
in graft morphology affect optimal placement. Third, we did not simulate variations in
muscle coordination strategies or walking dynamics, which have been shown to vary across
ACLR patients?3 and can potentially influence /77 vivo knee behavior.?2 In future work, we
plan to extend our study of ACLR surgical parameters to include possible neuromuscular
adaptations in walking behavior to gain insights into rehabilitation protocols for ACLR.
Finally, we used a single knee model with fixed bone and cartilage geometry as segmented
from MRIs. Previous studies have shown a link between variations in bone geometry and
tibiofemoral kinematics.%1 Thus, the variability of changes in knee biomechanics determined
using our model is likely conservative relative to what would be seen clinically in patients
with variable bone and cartilage geometry (Figure 3). However, this does not alter the
conclusion from our study that knee laxity, knee kinematics, cartilage contact, and ACL
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loading following ACLR are sensitive to surgical variability in ACL graft placement. Future
work, with a larger cohort of patients, may allow for an experimental assessment of the
relative contributions of bone geometry and ACL graft tunnel placement on knee mechanics
following ACLR.

In conclusion, the findings of this study provide evidence that knee laxity, knee kinematics,
cartilage contact, and ACL loading following ACLR are sensitive to surgical variability

in ACL graft placement. This is important to consider given the links between abnormal
knee mechanics, cartilage degeneration, and early onset OA in ACLR knees. Coupling these
findings with future investigations to establish a threshold of acceptable altered cartilage
loading could provide a better understanding of the accuracy in graft tunnel placement
needed to improve long-term outcomes of ACLR.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What isknown about the subject:

Abnormal tibiofemoral kinematics and cartilage loading patterns have previously been
observed in ACL-reconstructed knees, with some evidence this may be associated with
placement of the graft tunnels.

What this study addsto existing knowledge:

This study demonstrates that functional tibiofemoral kinematics, cartilage contact
pressures, and ACL loading are sensitive to nonanatomic placement of the ACL graft.
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Figure 1:
Post-operative analysis of ACLR patients (top row) and virtual ACLR models (bottom

row) were used to investigate the link between graft tunnel location and angles and knee
mechanics. ACL geometries were reconstructed from MRIs to assess footprint locations and
graft angle. Bilateral anterior knee laxity was evaluated at clearance from rehabilitation.
Tibiofemoral kinematics during active knee motion were measured using dynamic MRI. For
computational modeling, 500 virtual ACLR models were created by randomly varying the
graft footprint locations, stiffness, and initial tension. An anterior knee laxity test, active
knee extension, and walking were simulated for each virtual ACLR model.
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Figure 2:
Tibiofemoral kinematics exhibited similar relationship with sagittal plane graft angle in

ACLR patients (top row) and ACLR simulations (bottom row). Specifically, a more vertical
ACL graft was positively correlated with anterior knee laxity (compliance index) and both
anterior tibial translation and internal tibial rotation during active knee extension (Table 1).
For the ACLR patients, positive values indicate that the ACLR knee value was greater than
that of the native knee, and negative values indicate that the ACLR knee value was less
than that of the native knee. For the virtual ACLR model, positive values indicate that the
model value was greater than that of the nominal model, and negative values indicate that
the model value was less than that of the nominal model.
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Figure 3:

Composite image shows how changes to the femoral (top-left) and tibial (top-right) tunnel
locations alter the frontal and sagittal plane angles of the ACL graft. Each dot in the four
scatter plots represents the tunnel location in one of the 500 virtual ACLR models. The
color of each dot indicates the resulting ACL graft angles measured with the knee in full
extension, given the femoral and tibial tunnel locations of that virtual ACLR model. From
these scatter plots it is evident that femoral tunnel location does not systematically affect
frontal plane angle of the graft. Femoral tunnel location does have a systematic effect on
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sagittal plane angle of the graft with a more posterior-inferior femoral tunnel resulting in a
less vertical graft in the sagittal plane and a more anterior-superior femoral tunnel resulting
in a more vertical graft in the sagittal plane. Tibial tunnel location systematically affects both
frontal and sagittal plane angle of the graft.
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Figure 4:
Plots (top row) show the mean (black line) and the range between the 51 and 95

percentiles (light gray shaded region) for anterior tibial translation and ACL force during
the stance phase of simulated walking for the 500 virtual ACL reconstructions (ACLR) with
varying graft geometries, stiffnesses, and initial tensions. The scatter plots (bottom row)
demonstrate the effect of changes in ACL graft tunnel locations and graft angle on anterior
tibial translation and ACL force at the instance of peak ACL force during stance (vertical
dotted gray line in top plots). Each point in the scatter plots was computed relative to the
native model (virtual ACLR model minus native). Positive values indicate that the virtual
ACLR model value was greater than that of the nominal model, and negative values indicate
that the ACLR model value was less than that of the nominal model. Scatter plots include
coefficient of determination (R9) and the slope of the least-squares linear regression ()
computed between the ACL reconstruction surgical factors and the knee mechanics metrics.
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Figureb5:
Plots (top row) show the mean (line) and the range between the 51 and 95™ percentiles

(light gray shaded region) for the anterior center of pressure (COP) location and the
maximum contact pressure on the medial tibial plateau during the stance phase of simulated
walking for the 500 virtual ACL reconstructions (ACLR). The scatter plots (bottom row)
demonstrate the effect of ACL graft tunnel location and graft angle on the anterior COP
location and maximum contact pressure on the medial tibial plateau at the instance of

peak ACL loading during stance (vertical dotted gray line in top plots). Each point in the
scatter plots was computed relative to the native model (virtual ACLR model minus native).
Positive values indicate that the virtual ACLR model value was greater than that of the
nominal model, and negative values indicate that ACLR the model value was less than that
of the nominal model. Scatter plots include coefficient of determination (R4) and the slope
of the least-squares linear regression (8) computed between the ACL reconstruction surgical
factors and the knee mechanics metrics.
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Cartilage Contact Pressures at Peak ACL Force
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A

Figure6:
Representative cartilage contact pressures at the instance of peak ACL force during

simulated walking. A model with a less vertical sagittal graft angle (48°) is compared
against a model with a more vertical sagittal graft angle (70°). The vertical graft resulted in
larger anterior translation of the tibia relative to the femur. This manifested as the vertical
graft leading to more anterior contact on the femur and more posterior contact on the tibial
plateau. Additionally, a more vertical graft led to substantially greater contact pressure of the
medial femoral and tibial cartilage surfaces.
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Table 1:

Coefficient of determination (/%) for significant ACLR patient (£<0.05) and corresponding computer
simulation (Sim) linear regressions between non-anatomic ACL graft footprint location and angles and side-
to-side differences in knee laxity, kinematics, and cartilage contact metrics.

ACL Angle (deg) Femoral Tunnel Location (mm)
Sagittal Plane Frontal Plane Superior
Patient R2  Sim R? Patient R2  Sim R? Patient R2 Sim R2

KT-1000 Measurement (mm) Compliance Index 0.40 0.56 — — — —
Internal 0.23 0.13 — — — —

Tibiofemoral Rotations (deg)
Adduction 0.44 0.14 — — — —
Anterior 0.22 0.26 — — — —

Tibiofemoral Translations (mm)

Medial — — 0.23 0.74 0.29 0.25
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