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Abstract

Anterior cruciate ligament reconstructions (ACLR) are typically successful at restoring
knee stability and returning patients to previous levels of activity. However, long-term outcomes
of ACLR are concerning given that 10-15 years post-surgery >50% of patients exhibit signs of
osteoarthritis. It has been theorized that the high rate of osteoarthritis in ACLR knees is partially
due to residual abnormal knee mechanics that exist following surgery. Indeed, previous studies
have observed abnormal kinematics and cartilage contact patterns in ACLR knees. However, there
is currently limited evidence of a direct link between abnormal knee mechanics and cartilage
degeneration in this population. Thus, the first primary objective of this thesis was to investigate
the link between abnormal knee mechanics and biomarkers of cartilage degeneration through a
combination of static, dynamic, and quantitative (i.e. mcDESPOT) magnetic resonance imaging.
The second primary objective was to then assess the contribution of ACLR surgical factors to
abnormal post-operative knee mechanics. We first investigated the link between mcDESPOT
relaxation parameters and cartilage material properties to further validate using the mcDESPOT
sequence to track changes in cartilage composition. We then investigated longitudinal changes in
tibiofemoral kinematics, cartilage contact, and cartilage composition in ACLR knees. We
determined that, within the medial tibial plateau, reductions in the fraction of water bound to
proteoglycan were correlated to increased cartilage contact. This indicated that restoring normative
knee mechanics is critical to mitigate the risk of cartilage degeneration in ACLR knees. Through
the use of experimental and computational modeling methods, we then determined that non-
anatomic ACL graft tunnel placement can lead to abnormal kinematics and cartilage loading
during functional movement. We also observed that ACL graft stiffness and initial tension may

contribute to abnormal knee mechanics. However, further work is needed to assess the relative
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contribution of each surgical factor to post-operative knee mechanics. Finally, we confirmed that
the semi-automated algorithm used to segment articular cartilage, in this thesis, produced accurate
and repeatable measures of cartilage thickness. We conclude that optimal graft tunnel placement
is critical to restore normative knee mechanics, and, thus, to mitigate the risk of early osteoarthritis

development in ACLR knees.



vii

Table of Contents

ACKNOWIBAGEMENTS ...t e bbbttt I
FUNAING SUPPOIT. ...t bbbttt bbbttt b et 1\
N 011 = Tod PRSP %
S o T U= USSR SSS SRS viii
LISE OF TADIES ... bbb bbbttt ettt X
INtrOdUCEION 10 ThE THESIS ...viviiiiitieiieee ettt 11
Chapter 1: Cartilage Biphasic Material Properties are Correlated with Measures of Cartilage

Composition Assessed via Quantitative MR Imaging at 3.0T ........cccccvveveeieiiie v 25

Chapter 2: Longitudinal Changes in Cartilage Composition are Associated with Abnormal In
Vivo Knee Mechanics following ACL ReCONSIIUCTION.........ccoveiriieiiiiiiiisiesieeeieee s 47

Chapter 3: American Society of Biomechanics Clinical Biomechanics Award 2017: Non-
Anatomic Graft Geometry is Linked with Asymmetric Tibiofemoral Kinematics and Cartilage
Contact Following Anterior Cruciate Ligament RECONSIIUCTION .........cccviviiiieiieieiesc e 70

Chapter 4: Dynamic Imaging and Complementary Simulation Evidence that Graft Geometry
Influences Tibiofemoral Kinematics, Cartilage Contact, and ACL Loading following ACL

RECONSIIUCTION ...ttt sttt e te e s e s s e teeseeebe e beeneeaneenreeneenneenseeneens 96
Chapter 5: Semi-automated Image Segmentation via Radial Projection to Assess Femoral, Tibial,
and Patellar Cartilage MOrpholOgy ........ccovoiiiiiiiiii e 126
Conclusions and FULUIE DIFECHIONS .........ccviieerieiiesierie e see e e e e ee e steeee e sreeseesreesseeneens 153

Appendix A: Association between Surgeon Graft Tunnel Grading and Tibiofemoral Kinematics
following ACL Reconstruction: A Preliminary INVestigation ............c.ccocevvvirieienenenenineniens 159



viii

List of Figures

Chapter 1

Figure 1: Representative maps of T2, T2short, T210ng, and FBW within a single slice of the medial
tibial plateau Cartilage tISSUE. .........couoiiiiiiii s 29
Figure 2: Image shows the region from which each of the cartilage samples was extracted ...... 30
Figure 3: Axial stress versus time plot for a representative cartilage sample...........c.ccccoovrenene. 31
Figure 4: Plot shows the equilibrium stress-stretch data for a representative cartilage sample
measured at the end of each hold phase of the stress-relaxation Steps. ..........cccccveieiiniiiinnnnn 32
Figure 5: Relationship between the cartilage material properties (Hao, top and ko, bottom) and
LTI = AT RSP UPP 35
Figure 6: Relationships between koand T2 (left), T2short (Middle), and T2jong (right).................. 35
Chapter 2

Figure 1: Timeline shows the three separate time points at which subjects were tested.............. 50
Figure 2: Composite figure shows the methods used to measure tibiofemoral kinematics,
cartilage contact, and cartilage COMPOSITION. .........ooiiiiiiiiieicie e 53
Figure 3: Composite figure shows tibiofemoral kinematics (mean + standard deviation)
measured during knee extension for the ACLD, ACLR, and contralateral knees. ...........c...c....... 56
Figure 4: Composite figure shows significant differences in cartilage contact observed across the
N O I oo 0o 1 T 1T OSSR 57
Figure 5: Composite figure shows the average FBW across all subjects ..........cccocviniiinnnnne 58
Figure 6: Composite figure shows the results of the geospatial analysis ............ccccceoceriiiinnnnne. 59
Chapter 3

Figure 1: Workflow for MR Image ANAIYSIS..........ccceiiiiiiieiece e 75
Figure 2: ACL Geometry, Kinematics, and Cartilage Contact Metrics...........cccceevveveiveeinenns 78
Figure 3: Relationship between Kinematics and ACL Sagittal Plane Angle. ..........c.cccccvveennnns 83
Figure 4: Relationship between Cartilage Contact and ACL Sagittal Plane Angle..................... 84
Figure 5: Representative subject with a vertical ACL graft. ... 87
Chapter 4

Figure 1: This study used complementary methods to experimentally (top row) and
computationally (bottom row) determine the link between ACL graft geometry and post-

Operative KNEE MECNANICS. .....iiiiiiiie ettt e et e et e e e e saaeaaeeannas 101
Figure 2: Correlations between post-operative tibiofemoral mechanics and sagittal plane graft
110 ] L PP TRPR 109

Figure 3: (top row) Plots show the mean (line) and the range between the 5 and 95 percentiles
(light gray shaded region) for anterior tibial translation and ACL force during the stance phase of
SIMUIALEA WAIKING ...ttt e sb e e et e e be e e reenree e 110



Figure 4: (top row) Plots show the mean (line) and the range between the 5 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..... 111
Figure 5: Representative cartilage contact pressures at the instance of peak ACL loading during

SIMUIALEA WAIKING. ©...vecveeceee et be et e seesreeaesreesreeneens 114
Figure 6: 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. ............ccccoceiinne 115
Chapter 5

Figure 1: Semi-automated segmentation of each of the a) femoral, b) tibial, and c) patellar
articular cartilage involved user selection of three seed points in a counterclockwise fashion.. 132
Figure 2: Workflow showing the generation of cartilage thickness maps from segmented
(010] 01 01U ] £ F TP PRP PR PRROP 134
Figure 3: Representative cartilage thickness maps of the femur (left), tibia (middle), and patella
(right) generated from manual (top) and semi-automated (bottom) segmentations of one subject’s
MR images performed by the same observer. Thickness maps generated using the semi-
automated cartilage segmentation method were similar to those generated using manual

=10 [T a1 =LA o] o PR SSS PSSRSO 137
Figure 4: Regional analysis of cartilage thiCKNESS...........ccccviviiieii i 138
Figure 5: Plots of semi-automated segmentation vs. manual segmentation cartilage thickness
INIBASUIEIMIEITS ...ttt ettt ettt ettt ettt ettt ettt e ekt e e bt e e et et e et e e e amb e e e am b e e e emb e e e anbe e e nnbeeennbeeenneean 139
Appendix A

Figure 1: Graft tunnel grading system used DY SUFgEONS...........ccevevieieerieiie e 161
Figure 2: Scatter plots show the correlation between abnormal tibiofemoral kinematics and the
femoral tunnel scores for DOth SUIGEONS. .......covciuiiie e 161

Figure 3: Scatter plots show the correlation between abnormal tibiofemoral kinematics and the
femoral tunnel score fOr @aCh SUMGEON. ..........oiuiiii it 162



List of Tables

Chapter 1

Table 1: Mean (+/- standard deviation) mcDESPOT parameters and material properties across
All CArtilage SAMPIES. ... .o bbb 34
Chapter 3

Table 1: Side-to-side comparisons of ACL graft geometry. ......c.cccevvvveiveieiiese e 81
Table 2: Relationships between Kinematics and ACL Graft Geometry. .........cccocvevvveiverecnnnnn, 82
Table 3: Relationships between Cartilage Contact and ACL Graft Geometry. ..........ccccceevveenene. 85
Chapter 4

Table 1: Significant experimental (P<0.05) and corresponding simulated correlations ........... 108
Chapter 5

Table 1: Intra-observer reproducibility reSUILS..........cccoooiiiiiiiie e 140
Table 2: Inter-observer reproducibility reSUILS...........ccoeviiiiiicie e 141

Table 3: Segmentation times (mean * standard deviation) for each bone across all subjects,
ODSEIVETS, AN TFHAIS ..ot sre bbb ene e 141



11

Introduction to the Thesis

The anterior cruciate ligament (ACL) is one of the four major ligaments within the knee
joint and provides the primary restraint to anterior translation and secondary restraint to internal
rotation of the tibia relative to the femur. Ruptures of the ACL are very common with >200,000
occurring in the United States each year [1] and with 70% of these being non-contact injuries [2].
The primary treatment for this injury is an ACL reconstruction (ACLR), which has the short-term
goal of restoring knee stability and allowing patients to return to previous levels of activity. ACLR
is typically successful at achieving this short-term goal with 82% to 95% of patients reporting
good to excellent outcomes at 2 to 5 years post-surgery [3-6]. However, the long-term outcomes
of ACLR are less successful with >50% of patients exhibiting radiographic signs of osteoarthritis
(OA) at 10 to 15 years following surgery [7]. This is of great concern given that the highest
incidence of ACLR is in individuals between 15 and 25 years old [8], which means these patients
will have extended periods of pain and debilitation before a total knee arthroplasty becomes
feasible. Additionally, even with relatively recent modifications to surgical techniques, the rate of
OA development following ACL injury has not decreased over the past 25 years [9]. This suggests
that there is the potential to improve the current approaches to ACLR to mitigate the risk of early
OA development and improve long-term outcomes of ACL injury patients.

Surgical reconstruction of the ACL is performed arthroscopically and consists of an
orthopedic surgeon drilling a tunnel in the tibia and the femur, threading an ACL graft between
the tunnels, and fixing the graft in place, with the fixation method typically dependent on the type
of graft used. With this procedure, there are a number of factors that can be varied including the
location of the femoral and tibial tunnels, graft type, number of bundles used for the graft, amount

of pretension applied to the graft, and the knee flexion angle at which the graft is fixed in place.
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Previous cadaveric studies have shown that these surgical factors impact post-operative knee
kinematics [10-17], although there is still extensive debate on the ‘correct’ choice for each factor.
This is likely due, in part, to a limited understanding of how these surgical factors affect in vivo
knee mechanics following reconstruction.

One of the commonly debated ACLR surgical factors is the ideal placement of the ACL
graft tunnels based on the relationship between graft tunnel location and abnormal tibiofemoral
kinematics. Cadaveric studies have shown that variations in femoral tunnel location can lead to
altered anterior tibial translation [15, 18]. Additionally, the angle of the graft relative to the tibial
plateau has been linked to altered passive anterior and rotational knee laxities [16, 17]. In vivo
investigations have shown that graft tunnel location also affects tibiofemoral kinematics during
functional movements [19-21]. For example, Abebe et al. observed that variations in femoral
tunnel placement are associated with greater anterior tibial translation, medial tibial translation,
and internal tibial rotation in ACLR knees during a quasi-static lunge [19, 22]. However, in
experimental studies it is difficult to decouple the effect of ACL graft geometry from other surgical
factors, such as graft type [23], stiffness [24], and initial tension [25, 26] which may also influence
knee behavior.

Probabilistic musculoskeletal modeling can be used to investigate the causal influence of
multiple surgical factors on internal joint mechanics [27-30]. For example, Dhaher et al. [28] used
a highly detailed knee model to simulate an ACLR using a bone—patellar tendon—bone autogratft.
This study found that anterior joint laxity is primarily dependent on tunnel placement and
secondarily on graft initial tension. Additional modeling studies found that the ACL femoral
attachment location, stiffness, and initial tension influence joint laxity and ACL loading under an

anteriorly applied tibial load [29, 30]. However, these previous studies did not provide a direct
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comparison to experimental measurements, and it remains unclear how variations in these ACLR
surgical factors influence post-operative cartilage loading.

This link between ACLR surgical factors and cartilage loading is of interest, given that it
has been theorized that the high rate of OA development in ACLR knees is partially due to residual
abnormal knee mechanics that exist following surgery [31, 32]. Cartilage is a multi-phasic tissue
composed of water and a matrix of type Il collagen, proteoglycans, and chondrocytes. It is well
adapted to normal loading patterns with the thickest regions corresponding to those that are directly
loaded during walking [33]. Additionally, during development, normal cartilage loading leads to
increased proteoglycan content, increased cartilage thickness, and improved stiffness [34—36].
However, mature cartilage is less adaptive and, thus, altered loading patterns have been
hypothesized to induce a catabolic response within the tissue and initiate OA development [31].
This theory has been supported by previous in vitro cartilage testing and in vivo animal models
showing that abnormal cartilage loading can lead to the initiation and progression of cartilage
degeneration [37-39]. Indeed, previous dynamic imaging studies have reported abnormal
tibiofemoral kinematics and cartilage contact patterns in ACLR knees. Specifically, a bias towards
external tibial rotation has been observed during a range of tasks [40-42], leading to a posterior-
lateral shift in cartilage contact location on the tibial plateaus [43, 44]. However, there is currently
limited evidence that these abnormal knee mechanics are directly linked to OA development in
ACLR knees.

Assessing this potential link between abnormal knee mechanics and OA development is
difficult due to the slow progression of changes in cartilage morphology. However, recent
advancements in magnetic resonance (MR) imaging have allowed for non-invasive, quantitative

assessments of cartilage composition. Given that changes in composition occur prior to
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morphological changes in the cartilage tissue [45], use of quantitative MR imaging presents the
potential to detect the initiation of cartilage degeneration shortly after ACLR. The most commonly
utilized quantitative MR techniques aim to measure the T1p and T2 relaxation rates of the cartilage
tissue, based on the reported relationship of these metrics with the proteoglycan content [46] and
the organization of the collagen fiber network [47], respectively. A recently developed multi-
component T2 mapping technique, mcDESPOT [48-50], allows for improved specificity by
decomposing the T2 relaxation rate into the fast and slow relaxation components. These
components are thought to be linked to the fraction of water tightly bound to proteoglycan (i.e.
fraction of bound water, FBW) and the bulk water associated with the collagen matrix,
respectively.

Use of these quantitative MR imaging techniques has allowed for the detection of changes
in cartilage composition in ACLR knees, which occurs early in the pathogenesis of OA. For
example, increases in T1p and T2 relaxation rates have been reported at 6 and 12 months following
ACLR [51]. Additionally, Kaiser et al. found a significantly lower FBW in ACLR knees at
approximately two years post-reconstruction [44]. These findings have led to numerous studies
aimed at further validating the potential to assess cartilage health with MR imaging by
investigating the link between quantitative MR relaxation parameters (e.g. T1, T1p, and T2) and
cartilage mechanical properties [52—-60]. While these investigations have typically shown modest
associations between these quantitative MR parameters and cartilage properties, disagreement
across studies has prevented the development of a clear link between these parameters and cartilage
health. Given that the mcDESPOT sequence provides improved specificity for macromolecules
within the cartilage tissue [61, 62] , this quantitative MR imaging technique may provide a more

clear relationship with cartilage mechanical properties.
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The first goal of this thesis was to directly assess the link between abnormal knee
mechanics and early signs of cartilage degeneration in ACLR knees. The second goal was to then
investigate the potential contribution of ACLR surgical technique to long-term patient outcomes
by assessing the effect of ACLR surgical factors on post-operative knee mechanics. The first
chapter provides further validation of the ability to use quantitative MR imaging as a means of
assessing cartilage health by investigating the relationship between quantitative MR relaxation
parameters and cartilage mechanical properties. Chapter 2 then uses a combination of quantitative
and dynamic MR imaging to assess the direct link between longitudinal changes in cartilage
composition and abnormal knee mechanics in ACLR knees. Chapters 3 and 4 then begin to
investigate the link between ACLR surgical technique and long-term patient outcomes by
providing experimental and computational modeling evidence that ACL graft tunnel placement
directly influences post-operative knee mechanics. Chapter 5 then assesses the efficiency,
accuracy, and reproducibility of a semi-automated segmentation algorithm that was commonly
used to create 3D models of the articular cartilage geometry for this thesis. I conclude with a

discussion of the primary findings of this thesis and future research directions.
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Chapter 1: Cartilage Biphasic Material Properties are Correlated with Measures of
Cartilage Composition Assessed via Quantitative MR Imaging at 3.0T
Michael F. Vignos, Matthew Grondin, Fang Liu, Richard Kijowski, Darryl G. Thelen,
Corinne R. Henak

Abstract

High-fidelity computational models of articular cartilage are becoming increasingly
popular for studying the initiation and progression of osteoarthritis. However, the predictions of
such models are sensitive to the assigned cartilage material properties. Thus, the primary goal of
this work was to assess the potential of using quantitative magnetic resonance (MR) imaging
within a 3.0T scanner, specifically with a multicomponent-driven equilibrium single-shot
observation of T1 and T2 (mcDESPOT) sequence, as a non-invasive method to measure cartilage
biphasic material properties. In this study, we performed MR imaging with a mcDESPOT
sequence of tibial and femoral cartilage resections from one cadaveric knee to generate maps of
the T2 relaxation parameters (i.e. T2, T2short, and T2iong) and the fraction of water bound to
proteoglycan. We then extracted 12 cartilage samples from the resections and tested each in
confined compression to assess the aggregate compressive modulus and hydraulic permeability.
We then computed the correlation between the mcDESPOT parameters and the material properties
of the cartilage samples (« = 0.05). We found that the aggregate modulus was associated with the
fraction of water bound to proteoglycan (R = 0.67, P = 0.018) and the hydraulic permeability was
associated with the each of the T2 components (i.e. T2, T2short, and T2iong, R = 0.64, 0.53, and 0.68,
respectively, and P = 0.025, 0.027, and 0.015, respectively). The ability to assess these

relationships within a clinical MR scanner suggests that the mcDESPOT sequence may be useful
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when developing subject-specific models of human articular cartilage and, thus, may improve our

ability to study osteoarthritis development.

1. Introduction

Osteoarthritis (OA) is a painful and debilitating degenerative joint that leads to disability
and a reduced quality of life. Recent estimates indicate that the incidence of OA is on the rise, with
an increase from 21 million US adults with OA in 1995 to an estimated 27 million in 2005.% While
it was previously thought that OA was simply a ‘wear and tear’ disease, it is now known that the
initiation and progression of OA is multifactorial and, thus, dependent on a wide range of
mechanical,>® inflammatory,* and age-related®”’ changes that give rise to articular cartilage
degeneration. These system level changes give rise to the degeneration of the cartilage
microstructure, with loss of proteoglycan content and disorganization of the collagen matrix,®
leading to a loss in the load-bearing capacity of the articular cartilage and, in turn, leading to
further degeneration. This complexity and multi-scale nature of the pathogenesis of OA motivates
the need to investigate the sensitivity of cartilage microstructure damage to changes in these
individual factors. However, in in vivo experiments, it is difficult to isolate the effect of these
individual factors on the initiation and progression of cartilage degeneration.

Recent developments in computational modeling have provided the ability to investigate
the effect of system-level changes on cartilage mechanics and the risk for cartilage degeneration.
For example, previous studies have coupled highly-detailed finite element models with a cartilage
damage algorithm to show that changes in body weight and cartilage loading patterns can induce
cartilage degeneration patterns observed in OA.%1° Additional modeling studies have shown that

simulated reductions in proteoglycan content and collagen organization, which occur with aging,’
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can induce OA progression.!! However, previous work has also shown that the predictions of
cartilage finite element models are sensitive to the assigned mechanical properties.'>** Thus,
accurate characterization of these properties is necessary to extend these general insights to patient-
specific investigations. This presents a need for a non-invasive method to accurately measure
cartilage mechanical properties.

Quantitative magnetic resonance (MR) imaging has become an increasingly common
means for non-invasively assessing cartilage composition. This has led to many investigations of
the potential of using quantitative MR imaging to predict cartilage mechanical properties.
Numerous studies have investigated the correlation between cartilage mechanical properties and
quantitative MR relaxation parameters, with T1, T1p, T2, and delayed gadolinium-enhanced MRI
of cartilage (lGEMRIC) mapping being the most commonly used.*>-23 While these investigations
have typically shown modest predictions of mechanical properties, disagreement across studies
have limited the feasibility to use these quantitative MR techniques for assessing subject-specific
material properties. A recently developed multi-component T2 mapping technique (i.e. a
multicomponent-driven equilibrium single-shot observation of T1 and T2 sequence,
mcDESPOT?42%), allows for improved specificity by decomposing the T2 relaxation rate into fast-
and slow-relaxation components. These components are thought to be linked to the water tightly
bound to proteoglycan and the bulk water loosely associated with the collagen matrix.
Additionally, this technique provides a measure of the fraction of water bound to proteoglycan (i.e.
fraction of bound water, FBW), which has been used to detect compositional changes in cartilage
tissue.?’ Thus, this sequence may allow for more accurate characterization of the cartilage
mechanical properties. Additionally, previous studies have typically been performed at high MR

field strengths, thus limiting the potential to apply these findings to a human subject population.
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The goal of this study was to investigate the capability of predicting mechanical properties
of human cartilage tissue using quantitative MR relaxation parameters assessed within a 3.0 T
clinical MR scanner. Accordingly, the first objective was to obtain measures of the single
component T2 relaxation parameter (i.e. T2), the multi-component T2 relaxation parameters (i.e.
T2snort and T210ng), the fraction of water bound to proteoglycan (i.e. fraction of bound water, FBW),
and the biphasic material properties assessed via confined compression of cartilage tissue samples.
The second objective was to then investigate the correlation between the quantitative MR
parameters and the measured cartilage material properties. We hypothesized that the aggregate
compressive modulus of the cartilage would be most tightly linked to the FBW, due to its
association with the proteoglycan content, and that the hydraulic permeability would be most

tightly linked to single component T2 parameter, due to its association with collagen organization.

2. Methods
2.1 Static MR Imaging

The distal femoral condyles and tibial plateau were resected from one fresh, frozen human
cadaveric knee (M, 59 years, 69.9 kg, 1.88 m); (Science Care, Inc., Phoenix, AZ, USA). The
cartilage resections were placed into individual plastic containers with a solution of phosphate-
buffered saline (PBS) and protease inhibitor (PI) to maintain cartilage tissue hydration and matrix
integrity during MR imaging. Each resection was then imaged using an 8-channel phased array
wrist coil (InVivo, Orlando, FL) within a 3.0 T clinical MR scanner (Discovery MR750, GE
Healthcare, Waukesha, WI1). The mcDESPOT sequence®2® was performed on each cartilage
resection (in-plane resolution = 0.1367 x 0.1367 mm, slice thickness = 2 mm). This sequence

consisted of eight SPGR scans with TR/TE = 4.6/2.2 ms over a range of flip angles (0 =3, 4, 5, 6,
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7,9, 13, and 18°) and eight bSSFP scans with TR/TE = 5.0/2.4 ms over a range of flip angles (o =
2, 5, 10, 15, 20, 30, 40, and 50°). The bSSFP scans were repeated with radiofrequency phase
cycling y = 0° and 180° for each of the flip angles to remove the effects of bSSFP banding artifacts
and to provide an estimate of the BO field. An additional inversion recovery IR-SPGR scan with
TR/TE = 4.6/2.2 ms, Tl = 450 ms, and a = 5° was acquired to estimate the transmit B1 field .4?%
32 The mcDESPOT imaging data was then used to reconstruct the single-component T2 relaxation

parameter (T2), T2short, T2long, and the FBW within each voxel using custom MATLAB code?

(Figure 1) (MathWorks, Natick, MA, USA).

100

0 T2, . (msec) 40 O T2, (msec) 150

Figure 1: Representative maps of T2, T2short, T2iong, and FBW within a single slice of the medial
tibial plateau cartilage tissue. These mcDESPOT parameters were computed throughout the
entire tibial and distal femoral cartilage surfaces.

2.2. Cartilage Samples

After MR imaging, full thickness cartilage samples (diameter = 4.1 mm) were obtained

from the medial and lateral tibial plateaus and from the weight-bearing region of the distal femoral
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condyles using a cylindrical biopsy punch (12 cartilage samples total) (Figure 2). Prior to
mechanical testing, each cartilage sample was trimmed using a hand microtome such that the
bottom surface of the sample was approximately parallel to the top surface. Thickness of each
sample was then measured using a custom-built resistive micrometer (thickness = 2.479 £ 0.460

mm).
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Figure 2: Image shows the region from which each of the cartilage samples was extracted from
the distal femoral (top) and tibial (bottom) cartilage surfaces for mechanical testing.

2.3. Biomechanical Evaluation

Confined compression testing of each sample was performed on a table top mechanical
testing machine (ElectroForce 3200, TA Instruments, New Castle, DE, USA). Each sample was
placed in a custom-built cylindrical (inner diameter = 4.1 mm) rigid confined compression

chamber with impervious side walls. The confining chamber was then placed into a well containing
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a rigid steel porous bottom and filled with a solution of PBS and PI. This allowed the cartilage
sample to remain hydrated and prevent collagen matrix degeneration throughout the entirety of the
experiment. The sample was allowed to equilibrate within this confining chamber for 5 min prior
to being loaded on the articular surface using a rigid aluminum indenter.

Incremental stress-relaxation tests were performed (Figure 3). A tare load of at least 10 g
(13.0 £ 2.7 g) was applied to the sample until less than a 5% change in the load was observed for
10 minutes. This ensured full surface contact between the platen and the sample. The sample was
then loaded at a rate of 0.01%/sec for 5 increments of 10% strain each. After each 10% strain step,
the indenter displacement was held constant and the sample was allowed to relax for 30 min. Force

and displacement data were sampled at 1 Hz throughout entire the experiment.

Stress (MPa)

0 L L L L L ]
0 4000 8000 12000

Time (sec)
Figure 3: Axial stress versus time plot for a representative cartilage sample. Each stress-relaxation
step consisted of a 10% strain step loaded at a rate of 0.01%/sec followed by a 30 min relaxation

phase.

After completion of the experiments, the aggregate compressive modulus (Hao) and
compressive stiffening coefficient (5) were computed from the equilibrium response of each
cartilage sample. To do this, the axial compressive stress and stretch were computed from the
force-displacement data using the known cross-sectional area (13.2025 mm?) and measured

thickness of each sample. Equilibrium axial stress and stretch were then computed at the end of
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each hold phase of the stress-relaxation experiments. Hao and S were determined by performing a
non-linear least squares regression of a hyperelastic constitutive model to the equilibrium stress-

stretch data®334 (Eq. 1 and Figure 4),

1 A2-1 2_
of = EHAO (/123+1) eﬁ(/l 1)’ )

where g€ is the equilibrium axial stress and / is the equilibrium axial stretch.
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Figure 4: Plot shows the equilibrium stress-stretch data for a representative cartilage sample
measured at the end of each hold phase of the stress-relaxation steps. Additionally, the nonlinear
least squares fit of a hyperelastic biphasic constitutive model to these data is shown. The
equilibrium stress is shown as negative to indicate the sample is being compressed.

The nonlinear strain dependent permeability coefficients (ko, M) were determined for each
sample using inverse finite element modeling (FEBio, Musculoskeletal Research Laboratories,
Salt Lake City, UT, USA). A plain strain finite element model was built for each sample that
included cartilage (400 elements per model), the indenter (10 elements), and sliding interface
contact®® between the cartilage and indenter. The indenter was modeled as a rigid body and
cartilage was modeled with biphasic hexahedral elements consisting of a Holmes-Mow elastic
solid and strain-dependent permeability®* with an assumed solid fraction (po) of 0.2.33% The

material properties of the Holmes-Mow solid (i.e. Young’s modulus, Poisson’s ratio, and the
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exponential stiffening coefficient) were determined by performing a nonlinear regression of this
constitutive model to the experimental equilibrium stress-stretch data. For the strain-dependent
permeability, the power-law exponent (o) was assumed to be 2.3” The permeability coefficients
(ko, M) were then optimized by minimizing the sum of squared differences between the predicted
and measured compressive stress while simulating the indenter displacement from the stress-

relaxation experiment (Figure 3).

2.4. Extracting Quantitative MR Parameters for Cartilage Samples

Following removal of the cartilage samples, imaging of the cartilage resections was again
performed using one of the SPGR sequences from the mcDESPOT protocol (in-plane resolution
=0.1367 x 0.1367 mm, slice thickness = 2 mm, TR/TE = 4.6/2.2 ms, flip angle =18°). Regions of
interest (ROIs) were segmented (MATLAB, The Mathworks, Inc., Natick, MA) within these
images to indicate the section of cartilage that was removed for each sample. Additionally, the
bone was manually segmented from both the new images and the SPGR images obtained prior to
extracting the cartilage samples. These bone masks were registered (Elastix®, Image Sciences
Institute, Utrecht, Netherlands) to compute the transformation between the first set and second set
of MR images. This transformation was then used to register the cartilage sample ROIs to the
McDESPOT parameter maps. The T2, T2short, T2i0ng, and FBW parameters were then averaged

within each ROI.
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2.5. Statistical Analysis
Pearson correlation coefficients were computed to determine the association between the
quantitative MR relaxation parameters (i.e. T2, T2snort, T210ng, and FBW) and the cartilage material

properties of interest (i.e. Hao and ko). Significance was set at P < 0.05.

3. Results

The material properties and mcDESPOT parameters were determined for each cartilage
sample (Table 1). We found that the aggregate compressive modulus was significantly correlated
with the FBW (Figure 5), but not the T2, T2short, Or T2i0ng relaxation rates (R = -0.45, -0.45, and -
0.56, respectively and P = 0.14, 0.15, and 0.06, respectively). The hydraulic permeability was not
significantly correlated with the FBW, (Figure 5). However, the hydraulic permeability was
significantly correlated with the T2, T2short, and T2iong relaxation rates (Figure 6).

Table 1: Mean (+/- standard deviation) mcDESPOT parameters and material properties across
all cartilage samples.

Material Properties mMcDESPOT Parameters
Hao (MPa) ko (mm*Ns x 10°%)  FBW (%) T2 (ms) T2short (MS)  T2iong (MS)
0.78+0.50  0.00198+0.0011 26.1+29 46.4+7.1 188+22 779123
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Figure 5: Relationship between the cartilage material properties (Hao, top and ko, bottom) and the
FBW. A significant relationship (P <0.05) was observed between Hao and the FBW.
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Figure 6: Relationships between koand T2 (left), T2short (middle), and T2iong (right). A significant
relationship was (P <0.05) between ko and each of these parameters.
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4. Discussion

In this study, we assessed the potential of using quantitative MR imaging to non-invasively
assess in vivo cartilage material properties. Specifically, this was done by investigating the
association between quantitative MR relaxation parameters obtained via a mcDESPOT sequence
within a 3.0T MR scanner and cartilage material properties measured through confined
compression. This was motivated by the potential improvement in the predictive capabilities of
computational models by incorporating subject-specific material properties. We found that
cartilage material properties were significantly correlated to mcDESPOT parameters, with the
aggregate modulus associated with the FBW and the hydraulic permeability associated with the
slow-relaxing component of the T2 signal. The ability to measure these correlations within a 3.0T
MR scanner highlights the potential of using the mcDESPOT sequence to non-invasively
determine subject-specific cartilage material properties within a clinical environment.

Previous studies have observed similar relationships between quantitative MR parameters
and cartilage material properties to those found in this study. For example, significant correlations
have been observed between Tlp values, which have been associated with proteoglycan
content,34% and the aggregate modulus.'® Additionally, previous studies have measured a link
between the cartilage proteoglycan content and aggregate modulus.**3 Agreement across these
studies highlights the potential of using these quantitative MR techniques to assess proteoglycan
content and material properties of cartilage. However, previous work has also observed a
significant relationship between T1p values and hydraulic permeability.!® In the current study, no
association was observed between the FBW and hydraulic permeability, thus indicating that the
FBW metric may have improved specificity in measuring the cartilage aggregate compressive

modulus.
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One of the previously cited benefits of the mcDESPOT sequence is the ability to
decompose the T2 signal into short- and long-relaxation components.**¢ We found that this
feature improved the predictive capability of this sequence. While the cartilage hydraulic
permeability was correlated to the single component T2 relaxation parameter, this material
property was more strongly correlated to the long-relaxation T2 component (Figure 6). Given the
association between the long-relaxation T2 component and the relative amount of bulk water,*446
this finding agrees with previous studies that observed a link between the hydraulic permeability
and hydration of cartilage tissue.*’ Additionally, we observed a significant relationship between
the hydraulic permeability and the short-relaxation T2 component. This T2 component is believed
to be associated with the water tightly bound to proteoglycan.*>#¢ Therefore, these findings agree
with previous studies that suggest a link between hydraulic permeability and proteoglycan
content.*® However, we also observed a relatively small range in permeability across the cartilage
samples, which may not account for the permeability of highly degenerated cartilage.** Future
studies with greater variability in health of the cartilage samples, and, thus, permeability, is needed
to assess the robustness of this relationship between permeability and the T2 relaxation
components.

The most salient finding of this study was that mcDESPOT relaxation parameters assessed
within a clinical 3.0T MR scanner showed the potential to predict subject-specific cartilage
material properties. This is important given that previous studies have shown that the incorporation
of subject-specific parameters improves the accuracy of computational model predictions.*%->2
Some previous studies have shown similar abilities to predict cartilage material properties using
different quantitative MR sequences.'>1018192123 However, these studies were primarily

performed using MR scanners with a field-strength >3.0T, which are not commonly found within
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a clinical setting. Additionally, many of these studies have used MR sequences that require
contrast-enhancement (i.e. dGEMRIC), which is not ideal for regular use on human subjects. Thus,
this is one of the first studies to confirm the ability to measure cartilage material properties using
a contrast-free quantitative MR sequence imaged within a clinical MR scanner. However, it is
important to note that the mcDESPOT parameters did not describe all the variability in cartilage
material properties. While future studies with a larger set of cartilage samples may help improve
the robustness of this measurement framework, further work is also needed to assess the effect of
these ‘errors’ on the accuracy of computational model predictions.

There are three primary limitations to consider when interpreting the findings of this study.
First, the cartilage samples used in this study came from the knee of a single cadaveric specimen.
Further work is needed to determine if these correlations persist when including additional
cadaveric specimen and to determine if the relationship between the quantitative MR parameters
and cartilage material properties varies across specimen. However, the findings of this study
provide the basis and motivation for these future investigations. Second, only confined
compression testing was used to assess the cartilage material properties. Additional material
properties can be determined for cartilage using other material testing techniques (e.g. unconfined
compression and microindentation) and are needed to needed to fully assess the loading response
of the cartilage tissue. Thus, future investigations will incorporate these additional testing
techniques to help obtain a more complete understanding of the link between quantitative MR
parameters and material properties. Third, all the samples were grouped together in this analysis
even though the samples were extracted from different regions of the cartilage tissue and different
cartilage surfaces (i.e. femur and tibia). While this suggests that the relationships observed in this

study can be generalized to any cartilage surface within the knee, previous studies have shown that



39

the association between cartilage material properties and quantitative MR parameters varies when
only considering samples from similarly loaded regions within the knee (e.g. weight-bearing
versus sub-meniscal in the tibial cartilage).!” Future investigations with larger numbers of samples
will allow for a regional analysis of the link between cartilage mechanics and mcDESPOT
relaxation parameters.

In conclusion, the findings of this study show the potential to use a mcDESPOT sequence
to measure subject-specific knee articular cartilage material properties. The ability to collect these
images within a clinical MR scanner and within a reasonable scan time suggests that this MR
sequence may be useful when developing highly detailed cartilage models of human subjects.
Given that the use of subject-specific material properties may allow for more accurate
computational model predictions, use of this quantitative MR technique may improve our ability

to study the initiation and progression of OA development.
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Chapter 2: Longitudinal Changes in Cartilage Composition are Associated with Abnormal

In Vivo Knee Mechanics following ACL Reconstruction

Michael F. Vignos, Jarred M. Kaiser, Geoffrey S. Baer, Richard Kijowski, Darryl G. Thelen

(This chapter was prepared for submission to the Journal of Orthopaedic Research)

Abstract

It has been theorized that the high rate of osteoarthritis development in anterior cruciate
ligament reconstructed (ACLR) knees is partially due to residual, abnormal knee mechanics that
remain following reconstruction. However, there is currently limited evidence of a direct link
between abnormal knee mechanics and cartilage degeneration in ACLR subjects. Thus, the
objectives of this work were (1) to assess longitudinal changes in knee kinematics, cartilage
contact, and cartilage composition in ACLR knees and (2) to investigate the relationship between
abnormal knee mechanics and changes in cartilage composition. We tested 10 subjects undergoing
a primary, unilateral ACLR. Prior to ACLR and following completion of post-ACLR
rehabilitation, subjects underwent bilateral static and dynamic MR imaging to assess tibiofemoral
kinematics and cartilage contact during active knee flexion-extension for the ACL deficient
(ACLD), ACLR, and contralateral knees. At these same time-points and at one year following
completion of rehabilitation, quantitative MR imaging (mcDESPOT) was used to assess the
fraction of water bound to proteoglycan (FBW) in the tibial cartilage of the ACL injured knees.
Two-factor repeated measures ANOVAs were used to determine longitudinal changes in knee
mechanics and FBW across each time-point (P < 0.05). Additionally, geospatial analysis (BiLISA)
was used to investigate the correlation between abnormal cartilage contact and changes in the FBW

(P < 0.05). Abnormal kinematics were observed in the ACLD and ACLR knees, relative to the



48

contralateral knees, which gave rise to increased cartilage contact on the medial tibial plateau in
both ACL conditions. Additionally, progressive reductions in the FBW were observed on the
medial tibial plateau of the ACL injured knees across all time-points. Geospatial analysis indicated
that these reductions in FBW were correlated with increased cartilage contact on the medial
plateaus. These findings provide a direct link between abnormal in vivo cartilage contact and early

signs of cartilage degeneration in ACLR knees.

1. Introduction

The anterior cruciate ligament (ACL) is one of the most commonly injured ligaments in
sporting activities with over 200,000 ACL ruptures occurring in the US each year.! Typically,
ACL ruptures are treated with an ACL reconstruction (ACLR), with the short-term goal of
restoring knee stability and allowing patients to return to previous levels of activity. ACLR is
generally successful at achieving this goal with >90% of patients reporting good to excellent
outcomes at 2 to 5 years following surgery.>* However, the long-term outcomes of ACLR are
concerning with >50% of patients exhibiting early signs of osteoarthritis (OA) at 10 to 15 years
following surgery.> While it is well known that ACLR patients are at a high risk of early OA,
there is limited evidence of the direct cause of cartilage degeneration in this patient population.

Recent advancements in magnetic resonance (MR) imaging have allowed for non-invasive,
quantitative assessments of cartilage composition. The most commonly utilized techniques aim to
measure the T1p and T2 relaxation rates of the cartilage tissue, based on the reported relationship
of these metrics with the proteoglycan content® and the organization of the collagen fiber network’,
respectively. A recently developed multi-component T2 mapping technique, mcDESPOT 10

allows for improved specificity by decomposing the T2 relaxation rate into the fast and slow
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relaxation components. These components are thought to be linked to the fraction of water tightly
bound to proteoglycan (i.e. fraction of bound water, FBW) and the bulk water associated with the
collagen matrix, respectively. Use of these quantitative MR imaging techniques has allowed for
the detection of changes in cartilage composition in ACLR knees, which occurs early in the
development of OA. For example, increases in T1p and T2 relaxation rates have been reported at
6 and 12 months following ACLR.!! Additionally, Kaiser et al. found a significantly lower FBW
in ACLR knees at approximately two years post-reconstruction.?

It has been theorized that these early changes in cartilage composition are partially due to
residual abnormal knee mechanics that remain following ACLR.*!* This theory has been
supported by in vitro cartilage testing and in vivo animal models showing that abnormal cartilage
loading can lead to the initiation and progression of cartilage degeneration.®>'" Indeed, previous
dynamic imaging studies have reported abnormal tibiofemoral kinematics and cartilage contact
patterns in ACLR knees. Specifically, a bias towards external tibial rotation has been observed
during a range of tasks,'®2° leading to a posterior-lateral shift in cartilage contact location on the
tibial plateaus.'??! However, these previous studies have primarily been cross-sectional in design,
thus limiting the ability to isolate the effect of ACLR on post-operative knee mechanics.
Additionally, there is currently limited evidence of a direct link between abnormal knee mechanics
and early signs of cartilage degeneration in ACLR knees.

The purpose of this study was to investigate the relationship between altered knee
mechanics and changes in cartilage composition following ACLR. Accordingly, the first objective
was to investigate longitudinal changes in tibiofemoral kinematics, cartilage contact, and cartilage

composition following ACL injury and subsequent ACLR through the use of dynamic and
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quantitative MR imaging. The second objective was to then assess the link between abnormal
cartilage contact and the observed changes in cartilage composition.
2. Methods
2.1. Subjects

Ten subjects were recruited and tested after providing informed consent according to the
University of Wisconsin-Madison Institutional Review Board-approved protocol (5 females, 25.9
+ 7.7 years, 75.7 £ 13.6 kg). Each subject had no other concurrent ligament damage, post-operative
complications, and history of surgery, injury, pain, or inflammatory or crystalline-induced arthritis
in the contralateral knee. ACL reconstructions were performed by four fellowship-trained sports
medicine surgeons through independent tunnel drilling techniques (5 bone—patellar
tendon—bone and 5 hamstrings tendon grafts). Two subjects had minor meniscal damage (one
with small medial and lateral meniscal repairs and one with a small medial meniscectomy). All
subjects were tested at two separate time points: (1) following ACL injury (time point 1, TP1; 48
+ 20 days post-injury) and (2) following completion of post-ACLR rehabilitation (time point 2,
TP2; 13.4 + 4.2 months post-surgery) (Figure 1). Seven of the subjects were tested at a third time
point of at least one year after completion of rehabilitation (time point 3, TP3; 2.4 + 0.4 years post-

surgery), with three subjects lost at long-term follow-up.

Pre-ACL Two Year
Reconstruction Testing following Follow-up
ACL Injury Testing (n = 10)  Surgery Rehabilitation (n = 10) Testing (n=7)
| | Rehabilitation | |
[ 48 £ 20 days | 14 + 12 days | 13.4 + 4.2 months | 14.5 + 6.3 months |
Tibiofemoral Kinematics Tibiofemoral Kinematics Cartfilage
Cartilage Contact Cartilage Contact Composition
Cartilage Composition Cartilage Composition

Figure 1: Timeline shows the three separate time points at which subjects were tested. Gray boxes
indicate the data collected at each time point.
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2.2. Static and Dynamic MR Imaging

At the first two testing time-points (i.e. TP1 and TP2), each subject underwent a bilateral static
MR imaging 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). High-resolution
images (in-plane resolution=0.37 x 0.37 mm; slice thickness=0.9 mm) of the knee were obtained
using an IDEAL SPGR sequence (iterative least squares estimation of fat-water separation using
a spoiled gradient recall-echo sequence) to characterize bone geometry. Additionally, a 3D FSE
Cube sequence (fast spin-echo; in-plane resolution=0.39 x 0.39 mm; slice thickness=1.0 mm) was
used to characterize cartilage geometry. The IDEAL SPGR and 3D FSE Cube images were
manually segmented to create 3D models of the femoral and tibial bone and cartilage geometries,
respectively, of the ACL deficient (ACLD), contralateral, and ACLR knees of each subject
(MIMICS, Materialise Group, Leuven, Belgium). All models were smoothed and converted into
triangular meshes (7000 triangles/surface for bones and approximately 0.33 mm?triangle for
cartilage and ACL meshes); (Geomagic Studio, 3D Systems, Rock Hill, SC, USA and MeshLab,
Visual Computing Lab-ISTI-CNR, Pisa, Italy). Anatomic coordinate systems were defined for the
femoral and tibial bone models using an automated algorithm to determine the axes for each bone
independently based on its geometric and inertial properties.?? The bone and cartilage models were
subsequently co-registered to create subject-specific morphological knee models.

Each subject then underwent bilateral dynamic MR imaging to characterize knee
mechanics during active movement. Subjects lied supine with their lower leg secured to a custom-
built, MR-compatible knee-loading device.? Voluntary knee flexion-extension was performed at
0.5 Hz with an audible metronome used to assist subjects in maintaining this rate. During this

motion, the device induced stretch-shortening quadriceps contractions by applying a load to the
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subjects’ lower leg via a set of rotating disks.?* This quadriceps loading is comparable to that
experienced during the loading-response phase of walking.?>%

The subjects performed active knee flexion-extension for 5 min while a 3D SPGR sequence
with vastly under-sampled isotropic projections (3D SPGR-VIPR) continuously acquired
volumetric MR data?* (Figure 2); (1.5-mm isotropic resolution; repetition time, 4 ms; echo time,
1.4 ms; flip angle, 8°; receiver bandwidth, 32.5 kHz; unique radial lines, 93,922; field of view, 48
cm). An MRI-compatible rotary encoder was used to track the device arm angle during this motion
to determine the beginning of each flexion-extension cycle. The SPGR-VIPR projections were
then sorted into equally spaced bins and reconstructed into 60 volumetric image frames over the

flexion-extension motion.2*

2.3. Quantitative MR Imaging

At all three time points, each subject underwent quantitative MR imaging of the ACL
injured knee using an mcDESPOT sequence® % (multicomponent-driven equilibrium single-shot
observation of T1 and T2; in-plane resolution = 0.62 x 0.62 mm; slice thickness = 3.0 mm). The
mcDESPOT imaging data was then used to reconstruct the fraction of water bound to proteoglycan
(i.e. fraction of bound water, FBW) within each voxel using custom MATLAB code® (MathWorks,
Natick, MA, USA). The cartilage masks, segmented from the 3D FSE Cube images, were then
registered (Elastix?’, Image Sciences Institute, Utrecht, Netherlands) and interpolated to the
mcDESPOT images to extract the FBW throughout the tibial cartilage volume. The voxels were
separated into superficial and deep portions by dividing the full cartilage thickness in half. The
FBW was then averaged through the superficial half of the cartilage and through the full cartilage

thickness to obtain superficial and full thickness FBW maps, respectively (Figure 2).
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Figure 2: Composite figure shows the methods used to measure tibiofemoral kinematics, cartilage
contact, and cartilage composition. (top row) Tibiofemoral kinematics were measured during
active knee flexion-extension by tracking the bones in dynamic MR images collected during this
motion. Cartilage contact was then computed by measuring the cartilage overlap during the
flexion-extension motion. Contact maps were characterized as the maximum overlap of each
triangle in the tibial cartilage mesh during the extension phase of the motion. (bottom row)
Cartilage composition was characterized using a mcDESPOT sequence, which generated a
measure of the FBW within the superficial layer and through the full thickness of the tibial
cartilage.

2.4. MR Image Processing

Three-dimensional tibiofemoral motion was measured by tracking the position and
orientation of the femur and tibia in the dynamic MR images (Figure 2). To do this, the position
and orientation of the femoral and tibial bone models were optimized in each frame of the 3D
dynamic MR images by minimizing the sum of squared intensities at the bone model vertices.?*?8

This model-based tracking method provides kinematics with precisions of <0.8° and 0.5 mm.?°
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Tibiofemoral kinematics were then computed as the position and orientation of the tibia relative
to the femur throughout the flexion-extension motion® and filtered at a cutoff frequency of 5 Hz.%*

Cartilage contact was then characterized based on the proximity of the cartilage meshes
throughout the flexion-extension motion (Figure 2). The measured tibiofemoral kinematics were
prescribed to the femoral and tibial cartilage meshes and the proximity of each triangle in the tibial
mesh to the femoral mesh was determined by projecting a vector along the triangle normal from
its center. The proximity was computed as the distance between the triangle center and the point
of intersection of the vector on the femoral mesh.3* A positive proximity was indicative of the
meshes overlapping and, thus, cartilage contact. Cartilage contact maps were then generated by
computing the maximum contact for each triangle in the tibial cartilage mesh during the extension
phase of the motion (Figure 2).

A region of interest (ROI) analysis was used to discretize the cartilage contact and FBW
maps. This allowed for direct comparisons across subjects and between the contact and FBW data.
The cartilage meshes of each knee were divided into forty regions of interest—twenty medial and

twenty lateral.3? The contact and FBW maps were then averaged within each ROI.

2.5. Statistical Analysis

Six separate, two-factor repeated-measures analysis of variance (ANOVA) were used to
assess differences in tibiofemoral kinematics, cartilage contact, and superficial and full thickness
FBW across the multiple time points (objective 1). The first ANOVA tested for differences in
tibiofemoral kinematics during knee extension between ACL conditions (ACLD, contralateral, and
ACLR) and across knee flexion angle (interpolated at every 2.5° of extension). The second

ANOVA tested for differences in tibiofemoral cartilage contact between ACL conditions and
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across each ROI. The third and fourth ANOVAs tested for differences in the superficial and full-
thickness FBW in the ACL injured knees between the first two time points and across each ROI.
The fifth and sixth ANOVAs tested for differences in superficial and full-thickness FBW in the
ACL injured knees between the first and third time points (TP1 and TP3) and across each ROI.
For each of the ANOVAs, if a significant main effect was detected (P < 0.05), then post-hoc
comparisons with a Bonferroni correction were performed to determine the knee flexion angle or
ROI at which the group-based differences occurred.

A geospatial statistical analysis technique (bivariate local indicator of spatial association,
i.e. BiLISA®) was used to determine correlations between abnormal cartilage contact in the ACL
reconstructed knees and longitudinal changes in the FBW (objective 2). Side-to-side differences
(reconstructed minus contralateral) and longitudinal changes in the superficial and full thickness
FBW (TP2 minus TP1, n =10 and TP3 minus TP1, n = 7) were computed within each ROI for each
subject. The BILISA technique was then used to compute correlations between these contact and

FBW differences across all the ROIs with significance set at P < 0.05.

3. Results

Differences in tibiofemoral kinematics were observed between the ACLD, ACLR, and
contralateral knees during knee extension (Figure 3). ACLD knees exhibited greater anterior tibial
translation, lateral tibial translation, and internal tibial rotation relative to the contralateral knees
(P < 0.0001, P = 0.04, P < 0.0001, respectively). Additionally, ACLD knees were inferiorly
translated relative to the contralateral knees (P < 0.0001). Following reconstruction, the ACLR
knees exhibited a shift in kinematics such that differences were observed relative to both the ACLD

and contralateral knees. A significant reduction in anterior tibial translation was observed in the
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ACLR knees compared to the ACLD knees (P < 0.0001), but it was not restored to that of the
contralateral knees (P < 0.0001). We also observed an overcorrection of the internal tibial rotation
and lateral tibial translation of the ACLD knees, resulting in an externally rotated and medially
translated tibia in the ACLR knees relative to the ACLD (P < 0.0001 for both) and contralateral
knees (P < 0.0001, P = 0.007, respectively). The ACLR knees were also inferiorly translated

relative to the contralateral knees (P < 0.0001).
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Figure 3: Composite figure shows tibiofemoral kinematics (mean * standard deviation) measured
during knee extension for the ACLD, ACLR, and contralateral knees. Significant differences were
observed in internal tibial rotation, anterior tibial translation, and lateral tibial translation between
all ACL conditions.

These kinematic abnormalities corresponded to differences in cartilage contact patterns
across the ACL conditions (Figure 4). A significant difference in cartilage contact was observed

between the ACLD, ACLR, and contralateral knees on the medial tibial plateau (ACLD: -2.0 +
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2.6, ACLR: -0.88 £ 3.4, contralateral: -2.1 + 2.7, P < 0.0001 for all comparisons) and between the
ACLD and the other ACL conditions on the lateral tibial plateau (ACLD: -2.4 £2.8 , ACLR: -1.8
+ 3.4, contralateral: -1.8 = 3.4, P = 0.0003 for ACLD versus contralateral and ACLR). Post-hoc
analyses indicated that, relative to the contralateral knee, ACLD knees exhibited significantly
greater contact on the posterior aspect of the weight-bearing region of the medial plateau and less
contact on the anterior aspect of the lateral plateau. ACLR knees exhibited greater contact on the

posterior lateral-aspect of the medial tibial plateau, relative to the contralateral knees.

ACL Deficient Contralateral ACL Reconstructed
Anterior

Contact (mm)

Representative

across All Subjects

Average Contact

Posterior

+ = Significantly greater than contralateral V = Significantly lower than contralateral

Figure 4: Composite figure shows significant differences in cartilage contact observed across the
ACL conditions. (top row) Contact maps for the ACLD, contralateral, and ACLR knee of one
subject that are representative of the average changes observed across all subjects. (bottom row)
Average contact within each ROI measured across the ACLD, contralateral, and ACLR knees of
all subjects.

Longitudinal changes in the FBW in the superficial cartilage layer and through the full
thickness were observed across the three testing time points (Figure 5). Specifically, a progressive

decrease in the superficial and full thickness FBW was observed in the medial tibial plateau of the
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ACLR knees, relative to the ACLD knees (superficial, TP1: 27 + 3%, TP2: 24 + 4%, TP3: 21 +
3%,; full thickness, TP1: 26 + 2%, TP2: 23 £ 3%, TP3: 22 + 2%, P < 0.0001 for all comparisons).
Post-hoc analyses revealed that the number of ROIs with a significant reduction in the FBW
increased temporally. Additionally, reductions in the FBW occurred more commonly in the

superficial layer than through the full cartilage thickness.

1.1 £ 0.4 yrs Post-ACL 2.4 £ 0.4 yrs Post-ACL
ACL Deficient Reconstruction Reconstruction
Anterior

FBW (%)
30

Superficial Layer

10

Full Thickness

Posterior

% = Significantly lower than ACL deficient

Figure 5: Composite figure shows the average FBW across all subjects within the superficial layer
(top row) and through the full thickness (bottom row) of the tibial cartilage within each ROI at
each time point. * indicates regions with significant reductions in the FBW, relative to the ACLD

knees.

Significant correlations between abnormal cartilage contact and longitudinal changes in
the FBW were observed in the ACLR knees (Figure 6). Following the completion of post-ACLR

rehabilitation (i.e. TP2), greater cartilage contact in the reconstructed knee was significantly
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correlated to changes in the superficial and full thickness FBW within most of the regions in which
a reduction in the FBW was observed. Additionally, greater cartilage contact in the reconstructed
knee at TP2 was correlated to reductions in the superficial and full thickness FBW measured at

one year after TP2 (i.e. TP3).

1.1+£0.4 yrs 24+04yrs
Post-ACLR Post-ACLR

Anterior

Superficial Layer

Medial
Lateral

Full Thickness

Posterior
|:] High Contact - Low FBW Correlation
B Low Contact - Low FBW Correlation
] Not Significant

Figure 6: Composite figure shows the results of the geospatial analysis for those ROIs within
which a significant reduction in the superficial layer (top row) and full thickness (bottom row)
FBW were observed at approximately 1 year (left column) and 2.5 years (right column) post-
ACLR. Red regions indicate those within which the reduction in FBW was significantly correlated
with greater cartilage contact.

4. Discussion

This study aimed to investigate the theory that abnormal knee mechanics leads to the

initiation and early development of OA in ACLR knees. To do this, we longitudinally assessed
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changes in tibiofemoral kinematics, cartilage contact, and cartilage composition with dynamic and
quantitative MR imaging. Our results demonstrate that, on average, ACLR is unable to restore
normative tibiofemoral kinematics and cartilage contact patterns and, thus, results in elevated
contact on the medial tibial plateau. Additionally, we found that these abnormal cartilage contact
patterns were correlated with progressive changes in the cartilage composition at approximately 1
year and 2.5 years post-ACLR. To our knowledge, this is one of the first studies that has observed
a direct link between abnormal cartilage contact patterns and early indicators of cartilage
degeneration following ACLR.

Previous dynamic imaging studies have reported similar kinematic and cartilage contact
abnormalities to those reported in this study. It has been observed that ACLD knees exhibit greater
anterior tibial translation and internal tibial rotation relative to contralateral knees.* Additionally,
it has commonly been reported that ACLR knees exhibit greater external tibial rotation during a
range of tasks.'®?° These kinematics abnormalities both lead to a posterior-lateral shift in the
cartilage contact location on the tibial plateau.?®> We observed similar trends in this longitudinal
investigation (Figure 3), thus suggesting that these shifts in knee mechanics are directly induced
by surgical reconstruction of the ACL. However, we also observed a residual increase in anterior
tibial translation in the ACLR knees. While it has been reported that ACLR typically restores
anterior tibial translation during functional motion,*® there is evidence of a progressive increase in
anterior translation from 5 to 12 months post-ACLR,'® potentially due to graft relaxation.
Additionally, previous studies have shown that an active, open-chain knee extension task, similar
to the one used in this study, induces greater anterior tibial translation than that observed during a

closed-chain task.®® Given that subjects were tested an average of 13.4 months following surgery,
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this observed increase in anterior tibial translation may reflect an interaction of progressive
changes in knee kinematics with the open-chain motion.

Quantitative MR imaging has become increasingly popular for use as a non-invasive
technique for tracking changes in cartilage composition. This has been supported through previous
work showing that quantitative MR relaxation parameters are related to the macromolecular
content of the cartilage tissue®’ and that changes in these parameters have been linked to the
severity of cartilage degeneration in OA patients.3” Using T2, T1p, and mcDESPOT mapping,
changes in the cartilage composition of ACLR knees has been detected within 6 months to 2 years
following surgery.13538 In this study, we similarly used a quantitative MR imaging technique to
track changes in cartilage composition and detected longitudinal reductions in the fraction of water
bound to proteoglycan in the medial tibial plateau (Figure 5). Proteoglycan is critical for producing
the hydrostatic compressive stiffness of cartilage tissue and a reduction in the proteoglycan content
is commonly cited as an indicator of OA development.®®*° Thus, the changes in the FBW observed
in this study may be reflective of early cartilage degeneration. We also found that the greatest
changes in the FBW occurred in the superficial cartilage layer. Localized fibrillation or disruption
of the superficial layer of the cartilage surface is one of the earliest visible signs of articular
cartilage degeneration.®® Thus, the changes in FBW observed in the superficial cartilage layer may
be a precursor to macroscopic cartilage tissue damage in these subjects. However, longer-term
studies are needed to determine if changes in these quantitative MR parameters are predictive of
future OA development.

It has commonly been theorized that residual abnormal knees mechanics following ACLR
contribute to the initiation and progression of OA in this population.*!* In this study we detected

significant correlations between increased cartilage contact and early signs of cartilage
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degeneration (Figure 6), which support this theory. Previous studies have investigated similar
relationships with cross-sectional designs and shown that greater anterior tibial positioning and
abnormal cartilage contact paths are correlated with quantitative MR biomarkers of cartilage
degeneration at a single time point post-ACLR.*'“? However, to our knowledge, this is the first
study to establish a direct link between abnormal cartilage contact and longitudinal changes in
cartilage composition across specific regions of the cartilage tissue. Interestingly, we found that
the correlations between contact and significant changes in cartilage composition most commonly
occurred in the superficial cartilage tissue. This suggests that abnormal cartilage contact may
contribute to the damage that occurs to the superficial cartilage layer early in OA development.®
Future investigations are needed to determine if these altered knee mechanics are linked to long-
term development of radiographic OA

There are three primary limitations to consider when interpreting the findings of this study.
First, we focused our analysis on differences in cartilage contact and changes in FBW across only
the tibial cartilage surface. Early changes in cartilage composition, as measured via quantitative
MRI, have also been detected in the femoral and patellar cartilage and, thus, have relevance for
long-term patient outcomes.***® The dynamic and quantitative MR imaging techniques used in this
study can also measure cartilage contact patterns and cartilage composition for these additional
cartilage surfaces. This allows the potential to extend these analyses to investigate the link between
knee mechanics and cartilage composition for the entire knee joint. Second, the cartilage contact
metric used in this study does not account for the complex mechanical environment typically
experienced by cartilage tissue. During movement, cartilage experiences a combination of
compressive and shear stresses, which are resisted by a hydrostatic pressure created within the

cartilage tissue by a complex interaction of collagen fibers, proteoglycan, and water.*® The contact
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metric used in this study is likely most comparable to the compressive pressure within the tissue
and could be coupled with a more complex model of the cartilage to gain a better understanding
of how these subtle shifts in knee mechanics affect the cartilage microstructure. Third, in this study
we primarily considered cartilage contact as a potential cause of the observed changes in cartilage
composition. However, previous studies have indicated multiple other factors that may also
contribute to early cartilage degeneration in these patients, including acute cartilage damage
sustained at injury,*3, subchondral bone bruising,** and inflammation within the joint capsule.*>4°
Future investigations are needed to assess the interaction of these additional factors with changes
in knee mechanics to gain a more complete understanding of the pathogenesis of OA in ACLR
patients.

In conclusion, the findings of this study indicate that residual abnormal knee mechanics
that remain following ACLR are directly linked to changes in cartilage composition. These
findings suggest that restoring normative cartilage loading is critical to reduce the high rate of OA
development in this population. Future investigations are needed to assess the sensitivity of
cartilage tissue degeneration to abnormal knee mechanics to gain a better understating of the

accuracy needed in ACLR to improve long-term patient outcomes.
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Abstract
Background

Abnormal knee mechanics may contribute to early cartilage degeneration following anterior
cruciate ligament reconstruction. Anterior cruciate ligament graft geometry has previously been
linked to abnormal tibiofemoral kinematics, suggesting this parameter may be important in
restoring normative cartilage loading. However, the relationship between graft geometry and
cartilage contact is unknown.

Methods

Static MR images were collected and segmented for eighteen subjects to obtain bone, cartilage,
and anterior cruciate ligament geometries for their reconstructed and contralateral knees. The
footprint locations and orientation of the anterior cruciate ligament were calculated. Volumetric,
dynamic MR imaging was also performed to measure tibiofemoral kinematics, cartilage contact
location, and contact sliding velocity while subjects performed loaded knee flexion-extension.
Multiple linear regression was used to determine the relationship between non-anatomic graft
geometry and asymmetric knee mechanics.

Findings
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Non-anatomic graft geometry was related to asymmetric knee mechanics, with the sagittal plane
graft angle being the best predictor of asymmetry. A more vertical sagittal graft angle was

associated with greater anterior tibial translation (4=0.11""""/, , , P=0.049, R?=0.22), internal

eg’
tibial rotation (/3:0.27deg/de g P=0.042, R°=0.23), and adduction angle (ﬁ:0.15deg/de .

P=0.013, R?=0.44) at peak knee flexion. A non-anatomic sagittal graft orientation was also linked

iy

to asymmetries in tibial contact location and sliding velocity on the medial (5=-4.2 deg’

mm
P=0.002, R?=0.58) and lateral tibial plateaus (5=5.7 /s P=0.006, R?=0.54).

deg’
Interpretation

This study provides evidence that non-anatomic graft geometry is linked to asymmetric knee
mechanics, suggesting that restoring native anterior cruciate ligament geometry may be important

to mitigate the risk of early cartilage degeneration in these patients.

Key words: knee; anterior cruciate ligament reconstruction; cartilage; anterior cruciate ligament

graft; MRI; osteoarthritis
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1. Introduction

Anterior cruciate ligament reconstruction (ACLR) procedures are common, with over
150,000 occurring in the United States each year (Sanders et al., 2016). The primary goal of ACLR
IS to restore knee stability such that patients can return to previous levels of activity. ACLR is
generally successful at meeting this short-term goal, with good or excellent outcomes reported in
90% or more of patients (Corry et al., 1999; O’Neill, 2001; Otero and Hutcheson, 1993). However,
the long-term prognosis after ACLR is not as favorable, with greater than 50% of patients
exhibiting radiographic evidence of post-traumatic osteoarthritis (PTOA) at 10 to 15 year follow-
up (Lohmander et al., 2007).

It is theorized that osteoarthritis in ACLR patients may arise, in part, from abnormal
cartilage tissue loading after surgery (Chaudhari et al., 2008; Stergiou et al., 2007). Indeed, prior
studies have identified asymmetries in ACLR knee kinematics that would affect the location of
cartilage contact (Decker et al., 2011; Hofbauer et al., 2014; Kaiser et al., 2017; Scanlan et al.,
2010; Tashman et al., 2006). Additionally, in vitro studies have shown that cartilage damage can
be initiated by altering the load on cartilage tissue from its homeostatic condition (Griffin and
Guilak, 2005). Animal studies have also shown that abnormal cartilage loading, specifically
increased tibiofemoral sliding velocity, can initiate cartilage degeneration patterns seen in PTOA
(Anderst and Tashman, 2009; Beveridge et al., 2013). Thus, identifying surgical factors that can
be modified to restore normal knee mechanics may help improve long-term outcomes of ACLR.

ACL graft tunnel location has been linked to abnormal post-operative tibiofemoral
kinematics, suggesting that it may be an important surgical factor in ACLR. Cadaveric studies
have shown that variations in femoral tunnel location lead to altered anterior tibial translation

(Musahl et al., 2011; Zavras et al., 2005). Additionally, a more vertical graft increases the passive
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anterior and rotational laxities of the knee (Brophy and Pearle, 2009; Loh et al., 2003). In vivo
investigations have found that graft tunnel location also affects tibiofemoral mechanics during
functional movement (Abebe et al., 2011b; Ristanis et al., 2009; Zampeli et al., 2012). For
example, variations in femoral tunnel placement have been associated with greater anterior tibial
translation, medial tibial translation, and internal tibial rotation in ACL reconstructed knees during
a quasi-static lunge (Abebe et al., 2011a, 2011b). However, the effects of these kinematic
asymmetries on cartilage loading patterns are less understood, though important to understand
implications for PTOA after ACLR.

The objective of this study was to investigate the relationship between ACL graft tunnel
location, graft orientation, and tibiofemoral kinematics and cartilage contact in ACLR subjects. To
do this, we utilized a combination of static and dynamic magnetic resonance imaging to obtain in
vivo measurements of ACL graft geometry and post-operative knee mechanics during loaded knee
flexion-extension. We first investigated whether there was evidence of systematic bias in ACL
graft geometry, tibiofemoral kinematics, or tibial cartilage contact in ACLR knees when compared
to the contralateral knees. We then tested the hypothesis that a more vertically oriented ACL graft
would be related to greater anterior tibial translation and internal tibial rotation and would also be

related to abnormal cartilage contact location and sliding velocity on the tibial plateau.

2. Methods
2.1 Subjects

The bilateral knees of 18 subjects that underwent a primary unilateral, isolated ACLR were
tested (9 male, 9 female, mean: 24.8 (SD: 5.7) yrs, 78.9 (SD: 16.5) kg, 20.2 (SD: 8.7) months post-

op). The surgeon performing the procedure and the graft type used in the ACLR were not
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controlled (9 bone-patellar tendon-bone grafts, 9 hamstrings tendon grafts, 1 subject with small,
stable medial and lateral meniscal tears, 2 subjects with small partial, lateral meniscectomies).
Subjects provided informed consent according to a University of Wisconsin-Madison Institutional
Review Board approved protocol. The subjects’ reconstructed knees had no history of septic,
inflammatory, or crystalline-induced arthritis, and no post-operative complications. The
contralateral knees had no history of pain, injury, or surgery and no history of septic, inflammatory,
or crystalline-induced arthritis. At the time of testing, all subjects had been released to return to
full participation in sporting activities based on successful completion of post-operative physical

therapy.

2.2 Static and Dynamic MR Imaging

The subjects underwent a bilateral static magnetic resonance (MR) imaging protocol
consisting of a three-dimensional intermediate-weighted fast spin-echo sequence (3D FSE Cube)
and a three-dimensional spoiled gradient recall-echo sequence with iterative decomposition with
echo asymmetry and least squares estimation fat-water separation sequence (IDEAL-SPGR) (Fig.
1) (Kaiser et al., 2013). MR scans were performed in a 3.0 T clinical scanner (Discovery MR750,
GE Healthcare, Waukesha, WI, USA) using an 8-channel phased array extremity coil (InVivo,
Orlando, FL, USA) positioned around the knee. The 3D FSE Cube sequence was used to obtain
images for characterizing ligament and cartilage morphology (in-plane sagittal resolution, 0.39 x
0.39 mm; slice thickness, 1.0 mm; matrix, 384 x 384 x 96; repetition time, 2066.7 ms; echo time,
19.8 ms; flip angle, 90°). The IDEAL-SPGR sequence was used to obtain images for
characterizing bone morphology (in-plane axial resolution, 0.37 x 0.37 mm; slice thickness, 0.9

mm; matrix, 512 x 512 x 304; repetition time, 10 ms; echo times, 4.5/5.5/6.1 ms; flip angle, 14°).
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Figure 1: Workflow for MR Image Analysis. (Top row) Subject-specific bone, cartilage, and ACL
geometries were created by segmenting IDEAL-SPGR and 3D FSE Cube MR images of both
knees of each subject. (Bottom row) Subjects performed an active flexion-extension motion
against an inertial load while volumetric, dynamic MR images were collected with an SPGR-VIPR
sequence. The bones were tracked in the dynamic images using the bone geometries. Tibiofemoral
kinematics were then computed using the position and orientation of the tibia relative to the femur
(Grood and Suntay, 1983). Cartilage contact was computed by prescribing the tibiofemoral
kinematics to the femoral and tibial cartilage geometries and measuring the overlap of the cartilage
surfaces.

Following completion of static MR imaging, subjects underwent a bilateral dynamic MR
imaging protocol with their lower leg secured to the lever arm of an MR-compatible knee-loading
device (Westphal et al., 2013). Subjects performed cyclic knee flexion-extension at 0.5 Hz with
the rate denoted by an audible metronome. During this task, the device induced active stretch-
shortening quadriceps contractions by applying an inertial load to the subjects’ lower leg via a set

of rotating disks (Westphal et al., 2013). This quadriceps loading paradigm mimics the loading-

response phase of walking (Besier et al., 2009; Whittington et al., 2008).



76

Subjects performed this knee flexion-extension motion for 5 minutes while a 3D SPGR
sequence with vastly under-sampled isotropic projections (3D SPGR-VIPR) continuously
acquired volumetric data (Fig. 1) (1.5-mm isotropic resolution; repetition time, 4 ms; echo time,
1.4 ms; flip angle, 8°; receiver bandwidth, 32.5 kHz; unique radial lines, 93,922; field of view, 48
cm). During this motion, an MRI-compatible rotary encoder tracked the lever arm angle (Micronor
Inc., Camarillo, CA, USA). This angle was used to determine the beginning of each flexion-
extension cycle. The SPGR-VIPR projections were then sorted into 60 equally-spaced bins based
on percent of the total cycle (Kaiser et al., 2013). The sorted projections were reconstructed into
60 volumetric image sets over the flexion-extension motion using conjugate gradient least squares
minimization (Pruessmann et al., 2001). Each of these image frames consisted of an average of the

MR data collected during 1.67%, or 33.3 ms, of the 2 sec flexion-extension cycle.

2.3 MR Image Processing

Distal femur and proximal tibia bone geometries were manually segmented from the
IDEAL-SPGR images (Fig. 1) (MIMICS, Materialise Group, Leuven, Belgium). Femoral and
tibial articular cartilage, native ACL, and ACL reconstruction graft geometries were manually
segmented from the 3D FSE Cube images and registered to the bone geometries. Bone, cartilage,
and ACL geometries were smoothed and converted into triangular meshes (7000 triangles/surface
for bones and approximately 0.33 mm?/triangle for cartilage and ACL meshes); (Geomagic Studio,
3D Systems, Rock Hill, SC, USA and MeshLab, Visual Computing Lab-ISTI-CNR, Pisa, Italy).
Anatomical references frames were independently established for each femur and tibia using an
algorithm that automatically determined the coordinate systems based on the geometric and inertial

properties of the bone (Miranda et al., 2010).
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The segmented bone and ACL meshes were used to characterize ACL geometry (Fig. 2A).
The ACL femoral and tibial footprints were defined as the intersection of the ACL mesh with the
femoral and tibial meshes, respectively. We then computed the location of the center of the femoral
and tibial footprints relative to anatomical landmarks and expressed the location in the femoral
and tibial reference frames, respectively. Femoral footprint location was measured relative to the
most anterior point of the trochlear groove and the most inferior point of the lateral femoral
condyle. The tibial footprint location was measured relative to the most anterior and most medial
points of the tibial plateau. A cylinder was then fit to the mid-substance of the ACL and ACL graft
and a plane was fit to the tibial plateau. The long axis of the cylinder was used to compute the
ACL orientation in the frontal and sagittal planes relative to the best-fit plane. Non-anatomic ACL
graft geometry metrics were computed as the side-to-side differences (reconstructed minus
contralateral) in the femoral and tibial footprint locations, the ACL frontal plane orientation, and
the ACL sagittal plane orientation.

Tibiofemoral kinematics were measured by tracking the femur and tibia in the 3D dynamic
MR images (Fig. 1). To do this, the femoral and tibial bone meshes were manually placed in the
first dynamic image frame. The bones’ position and orientation were then determined by
minimizing the sum of squared intensities at each vertex of the bone meshes (Kaiser et al., 2013;
Powell, 1964). The solution for this frame was then used as the initial guess for the next frame and
the optimization proceeded until the bones were tracked in all remaining dynamic MR image
frames. This model-based tracking method provides kinematics with precisions of less than 0.8°
and 0.5 mm (Kaiser et al., 2016a). Tibiofemoral kinematics were computed as the position and

orientation of the tibia relative to the femur in each dynamic image frame (Grood and Suntay,
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1983). Kinematics were low-pass filtered at a cutoff frequency of 5 Hz, which is 10 times greater

than the flexion-extension cycle rate performed by subjects.
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Figure 2: ACL Geometry, Kinematics, and Cartilage Contact Metrics. (A) The orientation of the
ACL relative to the tibial plateau in the sagittal and frontal planes, the location of the tibial footprint
in the axial plane, and the location of the femoral footprint in the sagittal plane were computed for
both knees of each subject. (B) Representative plot showing internal tibial rotation throughout the
flexion-extension motion for both knees of one subject. The extension phase of the motion is
denoted with an arrow. Similar plots were created for the other five degrees of freedom of the
tibiofemoral joint. Kinematics metrics were then computed as the kinematics at peak knee flexion
and the range in kinematics during knee extension. (C) Top row shows the proximity of the tibial
cartilage to the femoral cartilage at peak knee flexion for the contralateral knee of a representative
subject. Red is indicative of cartilage contact. Similar maps were generated for both knees of each
subject and used to compute the center of contact location on the tibial plateaus. Bottom row shows
the cartilage surface sliding velocity on the medial and lateral tibial plateaus during knee extension
for the contralateral knee of a representative subject. The mean absolute sliding velocity during
extension and the sliding velocity at peak knee flexion were computed for both knees of each
subject.

Cartilage contact was characterized based on the proximity between the femoral and tibial
cartilage meshes at each frame of the cyclic motion. For each triangle in the tibial mesh, proximity
was computed by projecting along the triangle normal, and then computing the distance between
the triangle center and the point of intersection on the femoral mesh (Smith et al., 2016). A positive
proximity was indicative of mesh overlap and, thus, cartilage contact (Fig. 1). The proximity of
the tibial cartilage mesh was re-zeroed such that at least one triangle was in contact at each frame

of the flexion-extension motion in both the medial and lateral compartments (Borotikar and
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Sheehan, 2013; Kaiser et al., 2016b). The center of contact locations on the medial and lateral
tibial plateaus and the medial and lateral femoral condyles were computed as the weighted-average
position of the contact region, with the position of each triangle weighted by its proximity. This
method of measuring the center of contact location from the SPGR-VIPR images has precisions
less than 0.25 mm and 0.49 mm in the anterior-posterior and medial-lateral directions, respectively
(Kaiser et al., 2016a).

A first-order central finite difference approximation was used to compute the center of
contact velocities for the medial and lateral compartments of the femur and tibia (Beveridge et al.,
2013). The femoral center of contact velocities were then subtracted from the corresponding
velocities of the tibia to determine the sliding velocity vectors. The sliding velocity vectors were
then projected onto a tangent plane at the center of contact, and the magnitudes of the projected
velocity vectors were computed. This metric has previously been used as a measure of cartilage
contact sliding velocity (Anderst and Tashman, 2009; Beveridge et al., 2013).

Kinematic and cartilage contact metrics were computed for the reconstructed and
contralateral knees. Kinematic metrics were defined as the tibiofemoral kinematics (i.e. internal
tibial rotation, adduction angle, and anterior, lateral, and superior tibial translations) at peak knee
flexion and the range in tibiofemoral kinematics during the extension phase of the flexion-
extension motion (Fig. 2B). Cartilage contact location metrics were defined as the anterior and
lateral location of the center of contact on the medial and lateral tibial plateaus at peak knee flexion
(Fig. 2C). Cartilage contact sliding velocity metrics were computed as the sliding velocity at peak
knee flexion and the mean absolute sliding velocity during knee extension for the medial and
lateral compartments. Asymmetric kinematics and cartilage contact were computed as the side-to-

side differences (reconstructed minus contralateral) in these metrics.
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2.4 Statistical Analysis

Paired t-tests were used to determine if there was a bias in the ACL graft footprint locations
or orientations relative to the native ACLs (o = 0.05). Paired t-tests were also used to test for
differences in the kinematics and contact metrics between reconstructed and contralateral knees (o
= 0.05). A multiple linear regression analysis was used to determine the relationship between non-
anatomic ACL graft geometry and asymmetric tibiofemoral kinematics and cartilage contact. In
this linear regression analysis, the independent variables were the non-anatomic ACL graft
geometry metrics and the dependent variables were the asymmetric tibiofemoral kinematics,
cartilage contact location, and cartilage contact sliding velocity metrics. When a significant
relationship was found (a = 0.05), the coefficient of the linear regression model (f) was used to

determine the sensitivity of kinematics and cartilage contact to non-anatomic graft geometry.

3. Results

The tibial footprints of the reconstructed knees were significantly more posterior than that
of the contralateral knees (reconstructed mean: 21.6 (SD: 3.3) mm, contralateral mean: 19.3 (SD:
2.5) mm, P=0.001, Cohen’s d=0.92) (Table 1). No other ACL geometry metrics were significantly

different between the reconstructed and contralateral knees.
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Table 1: Side-to-side comparisons of ACL graft geometry. The location of the femoral footprint
in the sagittal plane, location of the tibial footprint in the axial plane, and orientation of the ACL
in the sagittal and frontal planes for the reconstructed and contralateral knees. P-values are the
result of paired t-tests. Effect size computed as Cohen’s d coefficient.

Reconstructed Contralateral

mean (SD)  mean (SD) P-value Effect Size
Femoral Superior 21.1 (5.1) 21.6 (2.4) 0.75 -0.075
Footprint
Location Posterior 49.1 (44)  49.8(3.8) 0.37 -0.22
(mm)
Tibial Footprint [ ateral 40.3(26) 405 (2.9) 0.77 -0.070
Location _
(mm) Posterior 21.6(3.3)  19.3(2.5) 0.001 0.92
ACL Orientation Sagittal Plane  51.2(6.0)  53.8(7.4) 0.22 -0.30
(deg) Frontal Plane 735 (5.7)  72.8 (5.7) 0.65 0.11

Reconstructed knees exhibited altered kinematics and cartilage contact relative to the
contralateral knees. Specifically, reconstructed knees were more externally rotated (side-to-side
difference: 2.9° (SD: 5.4°), P=0.04, Cohen’s d=0.53) and medially translated (1.6 (SD: 2.5) mm,
P=0.01, Cohen’s d=0.65) at peak knee flexion. Additionally, reconstructed knees exhibited a
greater range in knee adduction during extension (0.81° (SD: 1.4°), P=0.03, Cohen’s d=0.56). The
center of contact was more posterior in reconstructed knees on both plateaus at peak knee flexion
(side-to-side difference medial: 2.0 (SD: 3.4) mm, P=0.02, Cohen’s d=0.60; side-to-side difference
lateral: 1.2 (SD: 2.2) mm, P = 0.04, Cohen’s d=0.53).

Non-anatomic ACL graft geometry was associated with asymmetric tibiofemoral
kinematics, with the sagittal plane orientation of the ACL being the best predictor of asymmetric
motion (Table 2). Specifically, a more vertical graft in the sagittal plane (i.e. a greater sagittal plane

angle) was significantly linked with greater anterior tibial translation ($=0.11 mm/deg’ P=0.049,

R2=0.22), internal tibial rotation (5=0.27 deg/deg’ P=0.042, R?>=0.23), and adduction angle
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($=0.15 deg , P=0.013, R?=0.44) at peak knee flexion (Fig. 3). Additionally, a more vertical
deg

graft in the frontal plane (i.e. a greater frontal plane angle) was related to a reduced range in lateral

tibial translation during extension ($=-0.089 mm/d P=0.046, R?=0.23). The tibial footprint

eg’
location was also related to asymmetric kinematics, with a more lateral tibial footprint associated

with a greater range in anterior translation (5=0.49 ™M /,...,, P=0.0089, R?=0.36) and a more

posterior tibial footprint related to a less adducted knee at peak knee flexion ($=-0.44 deg/mm,
P=0.032, R?=0.44). A more superior femoral footprint was linked to greater lateral tibial translation

(8=0.26 MM/ . P=0.021, R?=0.29).

Table 2: Relationships between Kinematics and ACL Graft Geometry. Coefficients of the linear
regression model (5) for those relationships between asymmetric kinematics and non-anatomic
ACL graft geometry that were statistically significant (*P<0.05, **P<0.01).

Femoral Footprint

ACL Orientation Tibial Footprint Location L ocation
(deg) (mm) ()
SS?;:: ! F;?anrfsl Lateral Posterior Superior Posterior
i At Peak mm
ANterior  javion 0.11 /deg* — — — — -
Translation
(mm)  Range — — 0.49 MUk _ _ _
At Peak _ _ _ _ mm R
Lateral  pjovion 0.26 MM/ m
Translation
(mm)  Range — 0.087 ™M/, * _ _ _ _
Internal
Rotation £ #2027 9€9/ 1« - - _ _ _
(deg)
Adduction
At Peak deg de _ _
Angle Elexion 0.15 /deg* — — 044 g/mm*

(deg)
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Figure 3: Relationship between Kinematics and ACL Sagittal Plane Angle. Scatter plots show the
relationship between asymmetric kinematics and non-anatomic graft sagittal plane angles for
anterior tibial translation, internal tibial rotation, and adduction angle at peak knee flexion. The
coefficient of the linear regression model (5) is shown for each relationship.

Non-anatomic ACL graft geometry was also associated with asymmetric tibiofemoral
cartilage contact (Table 3). Similar to kinematics, the graft sagittal plane orientation was most
often significantly related to asymmetries in the center of contact location and cartilage contact
sliding velocity. A greater sagittal plane angle was associated with a more medial center of contact

on both the medial ($=-0.32""™"/ , , -, P=0.003, R?=0.43) and lateral (6=-0.27 mm/deg’ P=0.002,

eg’
R?=0.45) tibial plateaus and a more posterior center of contact on the lateral plateau at peak knee

flexion (ﬁ:-o.llmm/deg, P=0.030, R?=0.45) (Fig. 4A). During extension, a greater sagittal plane

angle was related to lower mean absolute contact sliding velocity in the medial compartment (5=-

mm
4.2 /s P=0.002, R?=0.58), but greater mean absolute sliding velocity in the lateral

deg’

mm
compartment (8=5.7 /s deg’ P=0.006, R?=0.54) (Fig. 4B).
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Figure 4: Relationship between Cartilage Contact and ACL Sagittal Plane Angle. Scatter plots
show the relationships between asymmetric cartilage contact and non-anatomic graft sagittal plane
angles for (A) the center of contact location and (B) the mean absolute contact sliding velocity for
the medial and lateral tibial plateaus. The coefficient of the linear regression model (5) is shown
for each relationship.

The tibial and femoral footprint locations were also frequently associated with asymmetric
cartilage contact (Table 3). A more lateral tibial footprint was related to a more posterior center of
contact on the lateral plateau ($=-0.51™""/..,, P=0.018, R?=0.45). Additionally, a more

posterior tibial footprint was related to lower mean absolute contact sliding velocity during

) mm/ ) mmy
extension (f=-12 S/ mm, P=0.008, R?=0.58) and at peak knee flexion (=-37 S/ mm,

P=0.020, R?=0.29) in the medial compartment, but greater sliding velocity in the lateral

mm
compartment (5=20 / S/mm, P=0.006, R?=0.54). A more posterior femoral footprint was
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associated with reduced sliding velocity in the lateral compartment at peak knee flexion (f=-
mm/

33 /5/m, P=0.049, R?=0.22).

Table 3: Relationships between Cartilage Contact and ACL Graft Geometry. Coefficients of the

linear regression model () for those relationships between asymmetric cartilage contact and non-
anatomic ACL graft geometry that were statistically significant (*P<0.05, **P<0.01).

ACL Orientation Tibial Footprint Location Femoral Footprint Location
_(deg) (mm) (mm)
Ssg;;t: ! Fg?anntzl Lateral Posterior Superior Posterior
Medial Anterior - _ _ _ _ ~
Center of Tibial
eNteror plateau | ateral -0.32 MM wx — _ _ . _
Contact /deg
Location .
(mm) Lateral Anterior B R - L _ _ _
Tibial
Plateau Lateral -0.27 mm/deg** _ — — _ _
. Mean mm/s
Ml'?k;ji:::l Absolute 4.2 /deg** - - _11_9mm/5/mm** - -
- At Peak
Stdng PHEU Poion = == ™ = -
Mean mm/s
(mm?s) Lateral ppsolute ldeg™ — - 20.2MM/S/ = -
At Peak
Plateau Flexion - — — — — _33.0mm/s/mm*
4. Discussion

Current ACLR surgical techniques do not substantially mitigate the risk of early cartilage
degeneration, with greater than 50% of patients exhibiting radiographic evidence of PTOA at 10
to 15 years post-surgery (Lohmander et al., 2007). Based on the link between altered loading and
cartilage damage (Griffin and Guilak, 2005), it is theorized that abnormal knee mechanics that
remain after ACLR play a role in the pathogenesis of PTOA (Chaudhari et al., 2008). Thus,
identifying surgical factors to better restore normative cartilage loading may reduce the risk of

PTOA in these patients. In this study, we found that there was a posterior bias in positioning of the
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tibial tunnel, relative to the native ACL footprint. We also observed abnormal tibiofemoral
kinematics and an altered center of contact location in ACL reconstructed knees, relative to the
contralateral knee. Further, we found that non-anatomic graft geometry was linked to side-to-side
differences in tibiofemoral kinematics, cartilage contact location, and cartilage contact sliding
velocity.

Our kinematic observations are generally consistent with previously observed links
between ACL graft geometry and kinematics. Prior studies found that a more vertical graft was
associated with increased anterior and rotational laxities (Brophy and Pearle, 2009; Loh et al.,
2003) and greater anterior tibial translation, medial tibial translation, and internal tibial rotation
during a quasi-static lunge (Abebe et al., 2011b). Given that the ACL provides the primary restraint
to anterior tibial translation and a secondary restraint to internal tibial rotation (Andersen and
Dyhre-Poulsen, 1997; Fukubayashi et al., 1982; Gabriel et al., 2004; Sakane et al., 1997), these
results suggest that the functionality of an ACL graft is potentially related to its sagittal plane
orientation. Additionally, the similarities between our findings and previous studies suggest that
graft geometry can affect knee behavior across a range of open- and closed-chain tasks.

We have shown that side-to-side differences in kinematics give rise to altered cartilage
contact patterns, which are also linked to ACL graft geometry. Specifically, the graft sagittal plane
orientation and the posterior location of the tibial footprint were linked to asymmetries in cartilage
contact location and sliding velocity (Table 3). The observed trends suggest a subject with a graft
sagittal plane angle that is greater than that of the contralateral ACL is likely to exhibit more
anterior tibial translation, internal tibial rotation, and adduction in their reconstructed knee (Fig.
5). On the medial plateau, this same subject would exhibit a more medial center of contact and a

decreased contact sliding velocity. On the lateral plateau, this subject would exhibit a more medial
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and posterior center of contact and an increased contact sliding velocity. These effects are
important because a shift in contact location and contact sliding velocity can load cartilage in a
manner that the composition and microstructure may not be well adapted for, potentially initiating

a degenerative pathway that leads to PTOA (Beveridge et al., 2013; Chaudhari et al., 2008).

Anterior Tibial Translation Internal Tibial Rotation
Contralateral Reconstructed Contralateral Reconstructed

Vertical Graft
in Sagittal Plane
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Figure 5: Representative subject with a vertical ACL graft. Graphic shows the anterior tibial
translation, internal tibial rotation, and center of contact location at peak knee flexion and the side-
to-side difference in contact sliding velocity during knee extension for a subject with a more
vertical ACL graft in the sagittal plane, relative to the native ACL. The asymmetries in kinematics
and cartilage contact measured in this subject are representative of the relationship between
asymmetric knee mechanics and non-anatomic ACL graft sagittal plane orientation observed
across all subjects.

Femoral and tibial tunnel placement are primary determinants of ACL graft orientation.
However, surgical placement of ACL graft tunnels remains technically challenging. Using a
transtibial drilling technique, experienced surgeons placed the femoral tunnel an average of 8 to 9
mm from the native ACL footprint center (Abebe et al., 2009; Kaseta et al., 2008; Kopf et al.,
2010). These tunnels were typically placed anterior and superior to the femoral footprint center,

resulting in a more vertical graft in the sagittal plane. Femoral tunnel placement accuracy improved
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to 2 to 3 mm when drilling the femoral and tibial tunnels independently. While this improvement
in accuracy would result in knee mechanics significantly closer to that of the contralateral knee,
our results suggest that small, residual abnormalities in kinematics and contact location and a
relatively large difference in contact sliding velocity would still remain in the reconstructed knee
(Tables 2 and 3). We also observed a posterior bias in the tibial footprint location (Table 1). This
bias towards a posterior tibial tunnel position may be intentional to prevent graft impingement
against the superior notch during knee extension (Amis and Jakob, 1998; Bedi et al., 2011). While
further work is needed to assess the threshold for an acceptable difference in tunnel location
relative to the native ACL footprints, the accuracy of current techniques may limit surgeons’ ability
to adequately restore normative knee mechanics. Advancements in the treatment of ACL injury
through computer-assisted reconstruction (Dessenne et al., 1995; Jalliard et al., 1998; Kaseta et al.,
2008; Picard et al., 2001) and a more thorough understanding of the link between slight alterations
in tunnel position and knee kinematics may allow surgeons to accurately recreate the native ACL
geometry needed to restore normative knee mechanics and improve long-term outcomes of ACLR.

There are three primary limitations to consider in this study. First, knee mechanics were
studied during an open-chain task, in contrast to the closed-chain loading that occurs during
locomotion. However, in our previous work, we found that small, subtle shifts in tibiofemoral
kinematics detected during this open-chain task are similar to those observed during downhill
running (Kaiser et al., 2017). Additionally, strain in the ACL is similar between open-chain and
closed-chain knee flexion (Beynnon et al., 1997), which suggests the experimentally measured
relationships in this study may extend to locomotion. Using a simple task may also reduce the
variability in neuromuscular coordination between ACLR subjects that exists during functional

motions (Ciccotti et al., 1994; Gokeler et al., 2010) and can influence knee mechanics
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(Chmielewski et al., 2005; Zeller et al., 2003). The open-chain motion used in this study may then
more readily isolate the effect of graft geometry on post-operative knee mechanics. Second, the
kinematics and cartilage contact data throughout the flexion-extension motion were reduced to
metrics at peak knee flexion and during knee extension. Peak knee flexion corresponds with peak
quadriceps loading during this cyclic motion (Westphal et al., 2013). The quadriceps loading
during the extension phase of this motion mimics the loading-response phase of walking, in which
the quadriceps brake knee flexion and then induce knee extension (Besier et al., 2009; Whittington
et al., 2008). Thus, these portions of the flexion-extension motion were selected based on their
potential functional relevance. Third, we did not control graft type or initial graft tension in these
subjects. Previous work has shown that graft type is related to differences in knee kinetics during
walking (Webster et al., 2005) and initial graft tension is related to differences in passive knee
mechanics under simple loading conditions (Boylan et al., 2003; Brady et al., 2007; Nicholas et
al., 2004). Further work is needed to assess the effect of these surgical parameters on cartilage
loading during active knee motion and to assess their interaction with graft geometry when
attempting to restore normative knee mechanics with ACLR.

In conclusion, the findings of this study provide evidence that non-anatomic ACL graft
geometry is related to asymmetric tibiofemoral kinematics and cartilage contact. Given that
abnormal cartilage loading may precipitate cartilage degeneration, these findings suggest that
replicating native ACL geometry may be critical for normalizing mechanics and mitigating the
risk of PTOA following ACLR. Future longitudinal studies are needed to determine whether the
changes in cartilage contact and contact sliding velocity due to non-anatomic graft geometry are

directly related to early cartilage degeneration within abnormally loaded regions of the knee.
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Chapter 4: Dynamic Imaging and Complementary Simulation Evidence that Graft
Geometry Influences Tibiofemoral Kinematics, Cartilage Contact, and ACL Loading

following ACL Reconstruction

Michael F. Vignos, Colin R. Smith, Joshua D. Roth, Jarred M. Kaiser, Geoffrey S. Baer,

Richard Kijowski, Darryl G. Thelen

(This chapter is in review by the American Journal of Sports Medicine)

Abstract

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

Purpose: (1) Experimentally investigate correlations between ACL graft geometry and post-
operative tibiofemoral mechanics.

(2) Computationally determine the causal relationships between graft geometry and functional
tibiofemoral kinematics, cartilage loading, and ACL loading in simulated ACLRs.

Study Design: Controlled Laboratory Study

Methods: We tested eighteen subjects who were 1-4 years post-ACLR. We bilaterally assessed
anterior laxity using a KT-1000, measured ACL geometry from magnetic resonance images
(MRI), and characterized 3D tibiofemoral kinematics during active knee flexion-extension using
dynamic MRI. Additionally, 500 virtual ACLRs were simulated by varying ACL footprint
locations, graft stiffness, and initial tension within a computational knee model to account for

common sources of surgical variability in ACLRs. We simulated laxity tests, active knee
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extension, and walking with each virtual ACLR. Correlations between internal knee mechanics
and ACL graft geometry were determined for both experimental and computational studies.
Results: A more vertical graft in the sagittal plane was experimentally correlated (P<0.05) with a
greater laxity compliance index, and greater anterior tibial translation and internal tibial rotation
during active knee extension. Similar causal relationships between a more vertical graft and
increased compliance index, anterior translation, and internal rotation were predicted by the
surgical simulation models, even when accounting for variations in graft stiffness and initial
tension. 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 medial
and lateral tibial plateaus.

Conclusions: This study provides empirical and complementary modeling evidence that
functional post-operative knee mechanics are sensitive to graft geometry, especially the graft
sagittal plane angle.

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

Key Terms: biomechanics, ACL reconstruction, osteoarthritis, anatomic graft placement

What is known about the subject: Abnormal tibiofemoral kinematics have previously been
observed in ACL reconstructed knees, with some evidence this may be associated with graft tunnel

placement.
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What this study adds to existing knowledge: This study demonstrates that functional
tibiofemoral kinematics, cartilage contact pressures, and ACL loading are sensitive to ACL graft
angle. These graft geometry effects are substantial even in the presence of variations in other

surgical factors, such as graft stiffness and initial tension.

1. 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, thus, 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 anterior and rotational laxities of the knee.1#333757 However, in
practice, variability in arthroscopic techniques results in ACL graft footprints that deviate from the
native ACL footprints.2**#® As abnormal mechanics can contribute to instability and to the
initiation and progression of cartilage damage patterns characteristic of osteoarthritis,*%1%2 the
effects of such surgical variability on internal knee mechanics must be well understood.

Dynamic imaging technologies have identified systematic abnormalities in kinematics and
cartilage contact patterns in ACLR knees. For example, prior studies detected a bias toward
external tibial rotation during active movement,?’3°! resulting in a posterior shift of contact on
the tibial plateaus.?® There is some evidence that graft geometry contributes to these asymmetries
in ACLR knee mechanics.»#% However, a major challenge in experimental imaging studies is
decoupling the effect of ACL graft geometry from other surgical factors, such as graft type,>*

stiffness,>® and initial tension,'23® which may also influence knee behavior.
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Probabilistic musculoskeletal modeling can be used to investigate the causal influence of
multiple surgical factors on internal joint mechanics.”233 For example, Dhaher et al.? used a
highly detailed knee model to simulate an ACLR using a bone—patellar tendon—bone autogratft.
This study found that anterior joint laxity is primarily dependent on tunnel placement and
secondarily on graft initial tension. Additional modeling studies found that the ACL femoral
attachment location, stiffness, and initial tension influence joint laxity and ACL loading under an
anteriorly applied tibial load.”*® However, these previous studies did not provide a direct
comparison to experimental measurements, and it remains unclear how these results under simple
loading conditions relate to knee behavior during locomaotion.

The purpose of this study was to use a coupled experimental and modeling approach to
investigate the sensitivity of joint laxity and functional knee mechanics to ACL graft geometry,
while accounting for surgical variability in graft stiffness and initial tension. Specifically, the first
objective was to identify relationships between ACL graft footprint locations, graft angles, and
tibiofemoral mechanics measured experimentally. The second objective was to determine the
sensitivity of functional tibiofemoral kinematics, cartilage loading, and ACL loading to graft
geometry metrics (i.e. footprint locations and angles) using simulated ACLRs with variations in

graft footprint locations, stiffness, and initial tension.

2. Methods
2.1. Participants

Potential subjects were identified from a University of Wisconsin (UW) Health Sports
Medicine Outcomes Program database. Eligible subjects were those who underwent a primary,

unilateral ACLR within the past 1 to 4 years, had no concurrent ligament damage, no post-
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operative complications, and no history of pain, injury, surgery, or inflammatory or crystalline-
induced arthritis in the contralateral knee. Eighteen subjects agreed to participate and provided
informed consent according to the UW Institutional Review Board-approved protocol (9 male, 9
female; 24.8+5.7 [mean + standard deviation] years; 78.9 + 16.5 kg; BMI, 24.1 + 2.8; 20.2 + 8.7
months post-surgery). ACL reconstructions were performed by four fellowship-trained sports
medicine surgeons through independent tunnel drilling techniques. The graft type used for the
ACLR was not controlled (9 bone—patellar tendon—bone grafts, 9 hamstrings tendon grafts).
Three subjects had minor meniscal damage (1 subject had small, stable medial and lateral meniscal

tears; 2 had small partial, lateral meniscectomies).

2.2. Clinical Assessment of Knee Anterior Laxity

Licensed physical therapists at the UW Health Sports Medicine Clinic assessed anterior
laxity in the reconstructed and contralateral knees following each subject’s clearance from post-
surgery rehabilitation (9.2+3.5 months). Using a KT-1000 arthrometer, anterior tibial translation
was measured 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.?
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Figure 1: This study used complementary methods to experimentally (top row) and
computationally (bottom row) determine the link between ACL graft geometry and post-operative
knee mechanics. Experimentally, we measured the ACL graft and native ACL geometries of
eighteen subjects from segmented MR images. We then correlated (as indicated by the two-way
arrow) the ACL geometry metrics to knee anterior laxity measured using a KT-1000 arthrometer
and tibiofemoral kinematics during active knee flexion-extension measured using dynamic MR
imaging. Computationally, we performed 500 virtual ACLRs by varying the ACL femoral and
tibial footprint locations, graft stiffness, and graft initial tension. We then simulated a KT-1000
assessment and active knee extension task with each virtual ACLR to determine the effect (as
indicated by the one-way arrow) of ACL graft geometry on post-operative knee mechanics. The
model-predicted effects of ACL graft geometry on anterior laxity and active knee mechanics were
compared to those observed experimentally. Additionally, we simulated walking with each virtual
ACLR to determine the effect of graft geometry on functional knee mechanics.

2.3. Magnetic Resonance Imaging

Each subject underwent a static bilateral magnetic resonance (MR) imaging protocol using
an 8-channel phased array extremity coil (InVivo, Orlando, FL) within a 3.0T MR scanner
(Discovery MR750, GE Healthcare, Waukesha, WI). An IDEAL-SPGR sequence (iterative least
squares estimation of fat-water separation using a spoiled gradient recall-echo sequence) was used

to obtain high-resolution images of the knee (in-plane resolution=0.37 x 0.37 mm; slice
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thickness=0.9 mm). These IDEAL-SPGR images were manually segmented (MIMICS,
Materialise Group, Leuven, Belgium) to create 3D models of the femoral and tibial bone
geometries. A 3D FSE Cube sequence (fast spin-echo; in-plane resolution=0.39 x 0.39 mm); slice
thickness=1.0 mm) was used to characterize ACL morphology. 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). Anatomic coordinate systems were defined for the femoral and tibial bone models
using an automated algorithm that determines the axes for each bone based on its geometric and
inertial properties.®® The bone and ACL models were subsequently co-registered to create subject-
specific morphological knee models (Figure 1).

The native ACL and ACL graft footprints were identified as the intersections of the ACL
meshes with the femoral and tibial bone meshes. We then computed the anatomic locations of the
centroid of the femoral and tibial footprints (Figure 1). A cylinder was fit to the mid-substance of
the ACL meshes and the ACL angles were computed as the relative angle between the long axis
of the cylinder and the tibial plateau in the frontal and sagittal planes. The ACL angles were
computed with the knee in the MRI scanning posture (approximately 10° knee flexion).

Dynamic MR imaging 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 comparable to that seen
in the weight-acceptance phase of gait.>>>® Volumetric 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).?® The SPGR-VIPR projections were sorted into 60 equally
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spaced bins based on the lever arm angle measured via an MRI-compatible rotary encoder
(Micronor Inc., Camarillo, CA). The sorted projections were reconstructed into 60 volumetric
image frames throughout the flexion-extension motion cycle.?

Tibiofemoral kinematics were measured by registering the femoral and tibial geometries
to the dynamic MR images at each frame of the motion cycle.?® Tibiofemoral translations were
defined as the three-dimensional position of the tibial reference frame relative to the femoral
reference frame. Tibiofemoral orientation was defined by successive flexion, adduction, and
internal rotation angles of the tibia relative to the femur.?® 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, which corresponds to the instance of peak

quadriceps loading.>®

2.4. Virtual ACL Reconstructions

A multibody knee model was used to predict the effects of ACL graft geometry on post-
operative knee mechanics (Figure 1). The knee model was previously constructed from high-
resolution MR images of a healthy adult knee.®? The model includes representations of the femur,
patella, tibia, and medial and lateral menisci connected by six degree-of-freedom tibiofemoral and
patellofemoral joints. An elastic foundation formulation was used to compute cartilage-cartilage
and cartilage-meniscal contact pressures.*® Fourteen major knee ligaments and seven meniscal
attachments were represented as bundles of ligament strands with their origins and insertions
determined from the MR images. Ligament strands were defined as nonlinear springs characterized
by their stiffness when taut and the ligament stretch when the knee was at full extension (i.e.

reference strain). Stiffness parameters for individual ligaments were computed as the product of
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the ligament cross-sectional area, as measured from MR images, and an assumed elastic modulus
of 125 MPa.'8 Reference strains were adapted from previous studies.*344

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) with the Dynamics Pipeline
(Musculographics, Inc., Santa Rosa, CA) and SD/Fast (Parametric Technology Corp., Needham,
MA) used to generate the multibody dynamics equations of motion.?? The model was previously
validated by comparing simulated knee mechanics to tibiofemoral and patellofemoral kinematics
measured via dynamic MR imaging performed on the same subject for which the knee model was
constructed.®? This validated model will subsequently be referred to as the native model.

A total of 500 virtual ACLRs were performed on the native model by randomly varying
the ACL footprint locations, stiffness, and initial tension within bounds representative of those
observed clinically.®***°2 The femoral footprint location in the anterior-posterior and superior-
inferior directions and the tibial footprint location in the anterior-posterior and medial-lateral
directions were randomly varied between +5 mm from the native footprint locations. This range
was selected to produce variability in ACL graft geometry comparable to that measured in the
ACLR subjects. ACL stiffness was randomly varied between 150 N/mm and 750 N/mm, with this
range defined based on the stiffness in the native model +50%.%® ACL initial tension at full knee

extension was randomly varied between 0 N and 150 N.3452

2.5. Simulated Movements
Each of the 500 virtual ACLRs and the native model were used in simulations of a KT-

1000 laxity assessment, active isometric knee extension, and over-ground walking. The simulation
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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 0 N to 89 N to replicate
the clinical assessment. We then extracted the anterior tibial translation under applied loads of 67
N and 89 N. These anterior translations were used to compute the compliance index of the virtual
ACLRs and native model.

The active isometric knee extension simulation, which complemented the experimental
dynamic MRI flexion-extension task, consisted of a forward dynamic simulation 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 of subjects during
the flexion-extension 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, we extracted the tibiofemoral kinematics that resulted from the
applied muscle loads.

Finally, we simulated the knee behavior over a full gait cycle during over-ground walking.
Whole body kinematics and ground reaction forces were previously measured for the subject from
which the knee model was generated.®? The Concurrent Optimization of Muscle Activations and
Kinematics (COMAK) simulation routine was used to calculate the muscle forces and internal
knee mechanics (i.e. contact pressures and ligament forces) needed to generate the measured whole
body dynamics and ground reactions at each frame of the gait cycle.”**” To resolve muscle
redundancy, COMAK minimized the weighted sum of squared muscle activations.®® These

simulations provided predictions of secondary knee kinematics (i.e. 5 tibiofemoral degrees of
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freedom aside from flexion, 6 patellofemoral degrees of freedom, and 12 meniscal degrees of
freedom), ligament forces, and articular contact pressures throughout the gait cycle. For each of
the 500 virtual ACLRs and the native model, we examined the tibiofemoral kinematics, the center
of contact location (i.e. center of pressure) and contact pressure on the medial and lateral tibial

plateaus, and the ACL force at the time of peak ACL loading.

2.6. Statistical Analysis

To experimentally determine the relationships between ACL graft geometry and post-
operative knee laxity and tibiofemoral kinematics (objective 1), non-anatomic ACL graft geometry
was assessed 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 subjects. Asymmetric knee mechanics were assessed by computing side-to-side differences
(reconstructed minus contralateral) in the anterior laxity and tibiofemoral kinematics metrics. We
then computed Spearman’s correlation coefficients (R) between the non-anatomic ACL graft
geometry metrics and the asymmetric knee mechanics metrics (0=0.05).

To computationally determine the sensitivity of post-operative knee mechanics to graft
geometry, stiffness, and initial tension (objective 2), non-anatomic ACL geometry, 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 minus native). Abnormal knee
mechanics were then assessed as differences in the anterior laxity metrics (KT-1000 simulation),
differences in tibiofemoral kinematics (active knee extension simulation), and differences in
tibiofemoral kinematics, cartilage contact location and pressures, and ACL loading (gait
simulation) between each of the 500 virtual ACLR models and the native model (virtual ACLR

minus native). We computed Spearman’s correlation coefficients (R) between the abnormal knee
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mechanics metrics and the non-anatomic ACL geometry, stiffness, and initial tension metrics to
assess the effect of varying these surgical factors on knee mechanics. We then compared the
predicted effect of graft geometry on knee mechanics from the KT-1000 and active knee extension
simulations to the correlations derived from the experimental KT-1000 assessment and active knee
flexion-extension, respectively (Figure 1). Additionally, we performed a least-squares linear
regression between the non-anatomic ACL geometry, stiffness, and initial tension metrics and the
abnormal knee mechanics metrics. The slope of the regression model (5) was used to assess the
sensitivity of functional knee mechanics to non-anatomic ACL geometry, stiffness, and initial

tension.

3. Results

Non-anatomic ACL graft geometry was significantly related to side-to-side differences in
post-operative knee mechanics measured experimentally during laxity testing and active knee
flexion-extension (Table 1). Specifically, a more vertical graft in the sagittal plane (i.e. a larger
graft sagittal plane angle) was related to a greater compliance index during the KT-1000
assessment (Figure 2, P=0.049). During active knee extension, a greater graft sagittal plane angle
was significantly correlated with greater anterior tibial translation (P=0.012), internal tibial
rotation (P=0.024), and tibial adduction angle (P=0.034). Additionally, a more vertical graft in the
frontal plane and a more superior femoral footprint location were significantly correlated with

greater medial tibial translation (P=0.041 and P=0.014, respectively).
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Table 1: Significant experimental (P<0.05) and corresponding simulated correlations between
non-anatomic ACL graft geometry and side-to-side differences in knee laxity, kinematics, and

cartilage contact metrics.

ACL Angle

Femoral Footprint
Location

(deg) )

Sagittal Plane

Frontal Plane Superior

Exp.R Sim.R Exp.R Sim.R Exp.R Sim.R

KT-1000

Measurement Corlnpllance 0.69 0.72 — — — —
ndex
(mm)
Tibiofemoral ~ |nternal 053  0.33 - — - -
Rotations )
(deg) Adduction  0.51 0.34 — - — —
Tibiofemoral  Anterior 059  0.49 — — — —

Translations _
(mm) Medial —

0.49 0.88 0.58 0.45

ACLR simulations predicted relationships between ACL geometry and altered knee

mechanics that were consistent with those observed experimentally (Table 1), thereby justifying

the use of the simulations for a cause-effect interpretation of the clinical and MR imaging

observations. During the simulated KT-1000 assessment, as in the clinical assessment, a more

vertical graft in the sagittal plane was correlated with a greater compliance index (Figure 2,

£=0.01 mm/deg)' During active knee extension, as in the experimental flexion-extension motion,

a more vertical graft in the sagittal plane was correlated with increased anterior tibial translation

(p=0.127M) ), internal tibial ~rotation (ﬁ=0.07d"9/deg), and tibial adduction

($=0.03 deg/deg)' Additionally, a more vertical graft in the frontal plane and a more superior

femoral footprint position led to greater medial tibial translation ($=0.04 mm/deg and

£=0.01Mm/ . respectively).
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Figure 2: Correlations between post-operative tibiofemoral mechanics and sagittal plane graft
angle measured experimentally (top row) and predicted by the model (bottom row). These scatter
plots show representative examples of the agreement between experimental and simulation results.
Both experiments and simulations show that a non-anatomic ACL sagittal plane angle leads to
side-to-side differences in compliance index, anterior tibial translation, and internal tibial rotation
during active knee extension. Similar agreement was observed between other ACL graft geometry
metrics and knee mechanics metrics (Table 1).

The ACLR surgical simulations also provided insights into the sensitivity of knee
mechanics during walking to ACL graft geometry, stiffness, and initial tension (Figure 3). At the
time of peak ACL load, the model predicted that a more vertical graft in 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 increased the peak
ACL load. A greater ACL graft initial tension and stiffness led to an increase in the ACL force and

a decrease in anterior tibial translation at the time of peak ACL load.
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Figure 3: (top row) Plots show the mean (line) and the range between the 5 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 ACLR with varying graft geometries, stiffnesses, and initial
tensions. The scatter plots demonstrate the effect of ACL graft geometry (middle row) and graft
initial tension and stiffness (bottom row) on anterior tibial translation and ACL force 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 minus native). Scatter plots also
include the Spearman’s correlation coefficient (R) and the coefficient of the least-squares linear
regression () computed between the ACLR surgical factors and the internal knee mechanics
metrics.

These effects of ACL geometry, stiffness, and initial tension on kinematics during walking
extended to cartilage contact (Figure 4). During the stance phase, a more vertical graft in the
sagittal plane led to a posterior migration in the center of pressure and an increase in the maximum

contact pressure on the medial and lateral (R=-0.42, ﬂ:-0.04mm/deg and R=0.15,

£=0.004 MPa/deg respectively) tibial plateaus. Additionally, a more posterior tibial footprint led

to a posterior migration in the center of pressure on the medial and lateral (R=-0.53, f=-
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0.14 mm/ ) plateaus, an increase in contact pressure on the medial plateau, and a decrease in
contact pressure on the lateral plateau (R=-0.15, p=-0.01 MPa/mm). Areduction in the graft initial
tension and stiffness led to a posterior migration in the center of pressure on the medial and lateral

(R=0.75, p=0.02"""M/,; and R=0.31, ﬁ:O.OOme/N Jmm’ respectively) plateaus. Decreasing the

graft initial tension and stiffness also led to an increase in the maximum contact pressure on the

medial plateau and a decrease in the maximum contact pressure on the lateral plateau (R=0.8,

$=0.005MPa/\; and R=0.46, p=0.0008M P/ Jurumy: TESPectively).
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Figure 4: (top row) Plots show the mean (line) and the range between the 5 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 ACLRs. The scatter plots demonstrate the effect of ACL graft geometry (middle row)
and graft initial tension and stiffness (bottom row) 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 minus native). Scatter plots also include the Spearman’s correlation
coefficient (R) and the coefficient of the least-squares linear regression () computed between the
ACLR surgical factors and the knee mechanics metrics.
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4. Discussion

This study used a novel combination of dynamic MR imaging and computational models
to investigate the influence of ACLR surgical factors on knee behavior during clinically relevant
motions. Our results demonstrate that the placement of the graft in the sagittal plane is a primary
geometric determinant of internal knee mechanics, with a more vertical graft inducing greater
laxity, anterior tibial translation, and elevated cartilage contact pressure on the posterior aspect of
the tibial plateau during walking. The effects of ACL graft geometry were notable even when other
surgical factors (i.e. graft stiffness and initial tension) were simultaneously varied, indicating that
graft geometry is a primary surgical factor affecting long-term joint behavior. To our knowledge,
this is the first study to integrate both experiments and computational modeling to determine the
effect of ACLR surgical factors on post-operative knee mechanics.

Optimal ACL graft placement has long been debated, with contemporary approaches
tending to focus on the restoration of native ACL footprints (i.e. an anatomic graft placement),6:40
This trend is supported by prior studies that have detected links between non-anatomic graft
geometry and abnormal internal knee behavior. For example, a more vertical graft in the sagittal
plane has been linked with greater anterior and rotational laxity*3® and larger anterior tibial
translation, medial tibial translation, and internal rotation during a quasi-static lunge.! We observed
similar results 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 (Table 1). The causality of these relationships was confirmed
with a probabilistic computational knee model, which predicted similar relationships between graft
geometry, laxity, and tibiofemoral kinematics to those measured experimentally (Table 1 and

Figure 2).
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The consistency between experimental and modeling results provided confidence in
extending the model to investigate the influence of surgical factors on knee mechanics during
functional motion. We investigated over-ground walking, since altered cartilage loading during
locomotion is considered to be one of the primary factors in initiating cartilage damage in ACLR
knees.!® To do this, we first randomly varied the femoral and tibial graft footprints to emulate the
variability in tunnel placement present when surgeons attempt to restore native ACL footprints.?3!
We simultaneously varied graft stiffness and initial tension to represent variations in graft
properties and intraoperative tensioning.'>**%2 Then, for each of the 500 virtual ACLRs, we
simulated the internal knee mechanics that would arise during over-ground walking. These
simulations again revealed a strong link between graft sagittal plane angle and functional knee
mechanics, with a more vertical graft inducing greater anterior tibial translation, ACL loading, and
contact pressure on the posterior tibial plateau (Figure 5). Both ACL stiffness and initial tension
also affected the internal knee behavior, with lower stiffness and initial tension also resulting in

greater anterior tibial translation and loading on the posterior tibial plateau (Figures 3 and 4).
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Cartilage Contact Pressures at Peak ACL Load

Less Vertical More Vertical
Sagittal Angle Sagittal Angle

Figure 5: Representative cartilage contact pressures at the instance of peak ACL loading 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.

The sensitivities of internal knee mechanics to variations in ACL graft geometry observed
in this study may help in restoring common abnormalities seen in ACLR knees. Many studies have
reported a bias towards external tibial rotation in ACLR knees during a range of tasks.2427:304251
Further, a prior biplane fluoroscopy study of a quasi-static lunge found that ACLR knees exhibited
a posterior-lateral shift in cartilage contact location on the tibial plateaus.?® Our study suggests
these biased kinematics and cartilage contact patterns could arise from biased ACL graft tunnel
placements. In particular, we found that the graft sagittal plane angle was linked to asymmetries

in external tibial rotation (Table 1) and anterior-posterior cartilage contact location (Figure 4). In
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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 6). These findings suggest that reproducing the native graft sagittal plane angle through
anatomical placement of the femoral and tibial graft footprints is critical to restore normative knee

mechanics.
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Figure 6: 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 ACLRs. 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. 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 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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Recent modifications to ACLR surgical techniques have focused on improving the
accuracy of graft tunnel placement, thus allowing surgeons to more readily produce anatomic
femoral and tibial graft footprints. Traditional transtibial graft placement typically produces
femoral footprints an average of 8 to 9 mm from the center of the native femoral footprint.23! Use
of independent femoral and tibial tunnel drilling techniques (e.g. two-incision and accessory
medial portal) has led to increased accuracy in tunnel placement,*® with an average error of 3 mm
in the femoral footprint location.?2 However, our findings suggest that errors in tunnel placement
of this magnitude could still result in residual asymmetries in internal knee mechanics. Hence,
further advancements in surgical technique, such as highly accurate placement of tunnels using
computer-assisted and robotic guidance,*’® may be needed to fully restore normative mechanics.

Three limitations should be considered when interpreting the findings of this study. First,
we did not control for graft type> or initial tension'?3® in the experimental aspects of this study.
To account for this, we randomly varied graft stiffness and initial tension, in addition to graft
geometry, in the ACLR simulations. While the effects of stiffness and initial tension on simulated
knee mechanics were qualitatively similar, initial tension had a relatively larger influence (Figures
3 and 4). However, it has previously been shown that graft stiffness and tension change following
surgery due to graft relaxation and remodeling.51%!! Hence, of the factors considered, graft
geometry is the most controllable by surgeons over the long-term. Secondly, we did not simulate
variations in muscle coordination strategies or walking dynamics, which have been shown to vary
across ACLR patients?! and can potentially influence in vivo knee behavior.?° In future work, we
plan to extend our study of ACLR surgical factors 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 MR images.
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Previous studies have shown a link between variations in bone geometry and tibiofemoral
kinematics.*® Thus, this limitation may partially explain the reduced variation in knee kinematics
observed in the surgical simulations, as compared to the experimental measurements (Figure 2).
Advances in statistical shape modeling of the knee joint present exciting opportunities to
systematically vary knee geometry,*® and thus could be leveraged to better understand the interplay
between bone geometry, ACLR surgical factors, and post-operative knee mechanics.

In conclusion, the findings of this study provide experimental and complementary
simulation evidence that knee laxity, knee kinematics, cartilage contact, and ACL loading
following ACLR are sensitive to surgical variability in ACL graft placement. This is potentially
important to consider given the links between abnormal knee mechanics, cartilage degeneration,
and early onset osteoarthritis 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.
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Chapter 5: Semi-automated Image Segmentation via Radial Projection to Assess Femoral,

Tibial, and Patellar Cartilage Morphology

Michael F. Vignos, Isaac Loegering, Joshua D. Roth, Colin Smith, Wei Zha, Fang Liu, Richard
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(This chapter is prepared for submission to the International Journal of Computer Assisted
Radiology and Surgery)

Abstract
Purpose: Assess the segmentation time, reproducibility, and accuracy of knee cartilage thickness
maps created using semi-automated image segmentation via radial projections.
Methods: We acquired three-dimensional fast spin-echo (3D FSE Cube) magnetic resonance
(MR) images (in-plane resolution: 0.31x0.31 mm, sagittal slice thickness: 1 mm) of three human
knees at 3.0T. Three observers segmented the femoral, tibial, and patellar cartilage in each slice of
the image sets, once manually and three times using the semi-automated method. The semi-
automated method used a three-point radial line casting approach to identify the bone-cartilage
interface and superficial cartilage surface boundary. The segmented slices were reconstructed into
3D cartilage geometries, and cartilage thickness was measured by projecting from the superficial
cartilage surface to the bone-cartilage interface. Segmentation time, cartilage thickness
measurements, and intra- and inter-observer reproducibility were compared between manual and
semi-automated methods.
Results: There were no significant differences in thickness between semi-automated and manual
segmentation methods for any of the cartilage surfaces, with an average difference of -0.07 £ 0.5

mm across all surfaces. Intra-observer reproducibility was high for the semi-automated method,
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with average coefficients of variation for each observer ranging from 3-7%. Inter-observer
reproducibility was similar between segmentation methods with similar average coefficients of
variation (manual, 10 + 4%; semi-automated, 11 + 5%; p=0.4823) and intra-class correlation
coefficients (manual, 0.91; semi-automated, 0.91) for each method. The semi-automated method
reduced segmentation time by 27% on average, relative to a manual approach, with further time
savings achievable by interpolating across images.

Conclusions: A radial projection cartilage segmentation method is shown to be efficient and
sufficiently accurate for reconstructing cartilage geometries used in knee mechanics models,
longitudinal studies of osteoarthritis, and the generation of large-scale databases needed for fully

automated segmentation algorithms.

Keywords: MRI; knee cartilage; medical image segmentation; semi-automated segmentation;

radial line casting; osteoarthritis
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1. Introduction

Accurate assessment of cartilage morphology is important for modeling subject-specific
joint mechanics [1, 2] and investigating the progression of osteoarthritis (OA) [3-7]. OA is a
painful and debilitating degenerative joint disease affecting over 30 million adults in the United
States [8]. OA commonly affects the knee and leads to long-term degeneration of the cartilage
microstructure, and eventual thinning and loss of cartilage [9, 10]. It is increasingly recognized
that cartilage tissue loading can influence the pathomechanics of OA [11-14] and, further, that
joint morphology modulates joint mechanics [15]. Hence, there is now interest in using subject-
specific loading information to tailor both conservative and surgical treatments of OA [16-18].

Radiography remains a standard for clinically assessing cartilage morphology. Plane
radiographs can effectively identify cartilage thinning in moderate OA, but has poor sensitivity for
detecting subtle changes in cartilage thickness over time [10]. Magnetic resonance (MR) imaging
provides excellent contrast between soft tissues, allowing for the reconstruction of three-
dimensional articular cartilage geometries [19, 20]. Such cartilage geometries can be incorporated
into computational models to predict internal joint loading and deformation of cartilage tissue [21-
24]. Further, cartilage thickness maps derived from cartilage geometries can be used to track
disease- and treatment-related changes in cartilage morphology over time [3, 4].

Segmentation is a critical step in reconstructing articular cartilage geometries from MR
images. Traditionally, 3D geometries are generated by manually segmenting the articular cartilage
from each slice in a stack of images. However, this process is time-consuming and reliant on the
user’s experience level [25, 26], which makes large-scale investigations difficult. Automated
cartilage segmentation methods have been proposed to reduce time and enhance consistency [4,

27-41]. Fully-automated methods, e.g. using atlas and deep learning-based algorithms, are
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accurate and efficient [40, 41], but tend to require large training sets of data and have high
computational costs [27-37, 40, 41]. Semi-automated methods enable the user to leverage
automated algorithms, e.g. edge detection [42, 43] or region growing algorithms [44-47], to
efficiently detect image features in stacks of images.

We recently proposed a semi-automated method that uses radial projections to detect
cartilage tissue boundaries over the visible cartilage in an image slice [48]. To enable broad use of
this radial projection algorithm, it is important to assess the efficiency, reproducibility, and
cartilage thickness measurements and to compare to manual segmentation—the current gold-
standard of MR image segmentation [4, 38—41]. Most prior evaluative studies have assessed
accuracy of 2D segmentations of individual MR image slices [29, 30, 32-34, 40, 41]. However,
this measure is insufficient for investigating the accuracy of 3D cartilage geometries and thickness
maps that are important in computational models.

In this paper, we introduce a semi-automated cartilage segmentation method that uses
radial projections and illustrate its use for assessing three-dimensional geometries of the femoral,
tibial, and patellar cartilage. We then compare the efficiency, reproducibility, and cartilage

thickness measurements of this semi-automated method to manual methods.

2. Methods
2.1. MR Imaging

MR imaging was performed on the dominant knee of one healthy male (34 years) and two
healthy females (27 and 30 years) who had no history of prior knee pain, injury, or surgery.
Subjects provided informed consent according to a University of Wisconsin-Madison Institutional

Review Board-approved protocol. The MR imaging protocol consisted of a sagittal three-
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dimensional intermediate weighted fast spin-echo sequence (3D FSE Cube); (in-plane resolution
= 0.31 x 0.31 mm; slice thickness = 1.0 mm; number of slices = 96; imaging matrix = 384 x 384 x
96; repetition time = 2066.7 ms; echo time = 19.8 ms; flip angle = 90°; field of view = 14 cm; echo
train length = 35; scan time = 6:48 min). Scans were performed on a 3.0T clinical MR scanner
(Discovery MR750, GE Healthcare, Waukesha, WI) with an 8-channel phased-array extremity coil

positioned around the knee (InVivo, Orlando, FL).

2.2. Semi-automated Segmentation Method

The articular cartilage of the femur, tibia, and patella were segmented from 3D MR images
using a semi-automated radial-projection segmentation method implemented in MATLAB
(Mathworks, Natick, MA) [48]. The segmented cartilage masks were used to generate 3D
geometries, which were then used to create 3D thickness maps for each cartilage surface. The
workflow for segmenting a single MR image slice consisted of the following steps: (1) manual
selection of three seed points along the cartilage surface to compute a projection point, (2)
automated detection of the cartilage boundary by radial line casting from the projection point
defined in step 1, and (3) manual adjustment of the resulting mask when needed (Figure 1).These

steps are discussed in detail in the following sections.

Step 1: Selection of Seed Points in a Image

The user was first asked to select three seed points along the visible cartilage in a
counterclockwise fashion with the first (A) and third (C) points placed on the endpoints of the
cartilage tissue (Fig. 1). A radial projection point was then computed and placed along the
perpendicular bisector of the line that connected the two ends of the cartilage (Figure 1, line AC).

The length of the line connecting the cartilage endpoints was calculated and used to determine the
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position of the projection point relative to AC. The method for determining the position of the
radial projection point differed slightly for femoral, tibial, and patellar cartilage surfaces being

segmented (Figure 1).

Step 2: Radial Line Casting and Boundary Detection

Radial lines (i.e. rays) were then cast from the radial projection point (from step 1) toward
the cartilage at uniform intervals from A to C (Figure 1). The image intensity along each radial
line was then determined by interpolating the MR image. We then automatically identified the two
points of maximum change in intensity along each ray. These two points generally correspond to
1) the edge of the deep cartilage surface reflecting the transition from bone to cartilage and 2) the
edge of the superficial cartilage surface reflecting the transition from cartilage to surrounding
tissue and synovial fluid. Contour points were then placed along these cartilage surface boundaries.
The contour points on the inner and outer cartilage surfaces were checked to ensure the distance
between each point and both its adjacent points did not exceed 1 cm—a heuristically defined
threshold. If this threshold was exceeded for only one point in a local region, then this contour
point was removed. If this threshold was exceeded for more than one point, then a B-spline curve
was fit to this local region to smooth the contour points. This process iterated until the distance
constraint was satisfied for all the contour points. A cubic B-spline curve was then fit to the final

set of contour points to define the inner and outer cartilage contours.
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Figure 1: Semi-automated segmentation of each of the a) femoral, b) tibial, and c) patellar articular
cartilage involved user selection of three seed points in a counterclockwise fashion with the first
(A) and third (C) points placed on the endpoints of the cartilage. The second point (B) was selected
along the cartilage surface and between the first and second points. A radial projection point (red
dot) was then chosen along the perpendicular bisector of AC. The length of AC (d ) was calculated
and used to determine the position of the projection point relative to AC. For the femoral cartilage
(a), the central angle of the three seed points (0) was first calculated. If 6 < 90°, the radial
projection point was equidistant from the three seed points; if 90° < 6 < 180°, the radial
projection point was placed at 1.5 times duc; if 6 > 180°, the radial projection point was set at
0.5 times duc. These scale factors used for defining the radial projection point were determined
empirically. For the relatively flat tibial (b) and patellar (c) cartilages, the radial projection points
were positioned 1.5 and 2.5 times dac, respectively, from the midpoint of AC and along the
perpendicular bisector of AC. A series of radial lines were cast from the radial projection point
toward the bone-cartilage interface at uniform intervals (1° for femur and tibia, 0.5° for patella)
from point A to C. d) Plots show the normalized intensity and the normalized intensity gradient
along three example radial lines (r1, left; ro, middle; rs, right) from the set of femoral radial lines
shown in part a). These three example radial lines cross some of the interfaces commonly
encountered by this radial projection algorithm (i.e. cartilage to fat, cartilage to cartilage, and
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cartilage to muscle). For each radial line, the normalized intensity gradient was used to determine
the location of the bone-cartilage interface and the superficial cartilage surface boundary

Step 3: Manual Checking of Contour Points

The user is then given the opportunity to inspect the cartilage contours generated in step 2.
If the inner and outer cartilage boundaries look to have been accurately identified, then the user
can approve the segmentation and move on to the next image. In cases where the user determines
that there are regions where the contours deviate from the cartilage boundaries, the user is allowed
to manually adjust the contour points. After manual editing, the cubic B-spline curve is re-fit to

the contour points to generate the corrected cartilage contours.

Step 4 (optional): Interpolation of contours between slices

This semi-automated cartilage segmentation method provided two approaches for
segmentation of an entire 3D MR image set: (1) segmenting each slice individually or (2)
segmenting a subset of the image slices and then using contour interpolation. In the latter approach,
interpolation was performed using both direct and indirect contour propagation. For both
propagation techniques, a reference image slice was first defined as the segmented slice nearest
the center of the image set. The contour on the reference image slice was then directly propagated
to the target image slice using a feature tracking algorithm [49]. This algorithm propagated the
cartilage contours from the reference slice to the adjacent slices sequentially until the target image
slice was reached. Indirect propagation was performed by propagating the seed points from the
reference to the target slice. The seed points were then used to perform radial line casting (step 2)
and generate the cartilage contour on the target slice. The overlap of the contours generated from

direct and indirect propagation was assessed by computing the Jaccard coefficient (Eq. 1) [50].
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If the Jaccard coefficient was less than 0.5 (moderate overlap), then the user was prompted and

given the option to accept or reject the interpolation.

Step 5: Creation of 3D Cartilage Thickness Maps

The final set of cartilage contours were then used to define the MR image voxels along the
cartilage boundary. This was done by finding the voxel closest to each of the final contour points
for each image slice. The cartilage boundary voxels were then connected into 3D isosurfaces and
converted into triangular meshes (Figure 2). These resulting cartilage meshes were smoothed and
decimated to a mesh density of 3.33 triangles/mm? (Geomagic, Research Triangle Park, NC).
Cartilage thickness maps were computed from these meshes by projecting a normal vector from
the center of each triangle on the superficial cartilage surface boundary (superficial surface) to the
bone-cartilage interface (deep surface) and using the length of this vector as the cartilage thickness

at that triangle (Figure 2).

cartilage surface boundary

— s ; T
{ > Y™
FE—

bone-cartilage interface

contours isosurfaces thickness thickness map
measurement

Figure 2: Workflow showing the generation of cartilage thickness maps from segmented contours.
The superficial cartilage-surface boundary and the bone-cartilage interface were derived from the
segmented contours of each MR image slice. 3D cartilage meshes were then constructed by
generating isosurfaces from the contours. Cartilage thickness, t, was calculated across each
cartilage mesh to create thickness maps
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2.3. Evaluation of Semi-Automated Segmentation Method

The semi-automated cartilage segmentation method was used to create 3D cartilage
thickness maps of the articular cartilage of the femur, tibia, and patella from the 3D FSE Cube MR
images of three knees. One experienced observer (O1, 50 knees segmented), one moderately
trained observer (02, 12 knees segmented), and one newly trained observer (O3, 3 knees
segmented) segmented the knee cartilage of each of the three subjects. Each observer performed
three semi-automated segmentations and one manual segmentation for each subject. The observers
recorded the time required to perform each segmentation of the femoral, tibial, and patellar

cartilage.

2.4. Efficiency of Segmentation Method

For the semi-automated and manual methods, the time required to segment the cartilage
surfaces of the femur, tibia, and patella from each MR image set was recorded. These times were

compared using a two-sample t-test.

2.5. Division of Cartilage Surfaces into Regions of Interest

Because cartilage morphology varies regionally, each of the femoral, tibial, and patellar
cartilage meshes were split into regions of interest (ROIs) (Figure 4). The femur was divided into
three ROIs: anterior, distal, and posterior. The tibia was divided into two ROIs: medial and lateral
tibial plateaus. The patella was split into medial and lateral ROIs with the division running in the
superior-inferior direction through the center of mass of the cartilage surface. Triangles along the

boundary of each ROl were removed to analyze the regions of cartilage that experience the greatest
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loads during functional movement and, thus, are most relevant when studying cartilage

degeneration (Figure 4).

2.6. Comparison of 3D Cartilage Thickness Maps

For each ROI in the femoral, tibial, and patellar cartilage meshes, differences in the
cartilage thickness maps generated using semi-automated segmentation and manual segmentation
were computed (Fig. 3). To do this, the reference triangle for each triangle in the manual mesh was
first computed by finding its nearest neighbor in the semi-automated mesh. The difference in the
cartilage thickness was then computed for each of these triangle pairs, with a positive difference
indicating a greater thickness in the semi-automatically segmented mesh [51]. The agreement
between MR-derived cartilage thickness measurements from the two techniques was assessed for

each ROI across all cartilage surfaces.

2.7. Intra- and Inter- Observer Reproducibility

Intra- and inter- observer reproducibility of the segmentation methods was determined by

calculating the coefficients of variation (CVs) for the mean cartilage thickness within each ROI

(Eq. 2).

standard deviation of x
CV = ! 2)

mean x !

where x is the set of mean cartilage thickness measurements for a given ROI. For intra-observer
reproducibility, CVs were calculated for each observer across their three semi-automated
segmentations. For inter-observer reproducibility, CVs were calculated for each segmentation
method across the three observers. Inter-observer reproducibility was also assessed using intra-

class correlation coefficients (ICC) [52, 53].
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3. Results

Cartilage thickness maps generated from the semi-automated and manual segmentation
methods showed similar thickness patterns throughout the cartilage (Figure 3), given that the
average difference between these two segmentation methods across all triangles was -0.07 + 0.5
mm. The largest average differences in thickness measurements occurred in the anterior region of
the femoral cartilage (-0.2 £ 0.5 mm) and in the medial region of the patellar cartilage (0.2 £ 0.5
mm) (Figure 4). In general, the cartilage thickness measurements from these segmentation
techniques were within 0.5 mm across each cartilage surface (Figure 5). There was a slight trend
towards underprediction using the semi-automated method in thicker regions of the femoral and

tibial cartilage.

6 mm

Manual

Semi-automatic

Figure 3: Representative cartilage thickness maps of the femur (left), tibia (middle), and patella
(right) generated from manual (top) and semi-automated (bottom) segmentations of one subject’s
MR images performed by the same observer. Thickness maps generated using the semi-automated
cartilage segmentation method were similar to those generated using manual segmentation. Similar
patterns can be seen across the cartilage surfaces.
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Figure 4: Regional analysis of cartilage thickness. For regional analysis of cartilage thickness, a)
the femur was divided into anterior (A), distal (D), and posterior (P) regions of interest, and the b)
tibia and c) patella were divided into medial (M) and lateral (L) regions. The difference (mean +
standard deviation in mm) between the semi-automated and manual thickness measurements is
shown for each region. A positive difference indicates a greater cartilage thickness prediction by
the semi-automated method
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Figure 5: Plots of semi-automated segmentation vs. manual segmentation cartilage thickness
measurements for each region of interest (dashed lines; mean) and combined (solid line; mean +
standard deviation) for each bone. The black dashed line in each plot shows perfect agreement
between thickness measurements. Manual thickness measurements were grouped into 0.25 mm
bins and the mean semi-automated thickness measurement for each bin was plotted. The thicker
femoral cartilage and tibial cartilage falls only in the anterior and lateral regions, respectively;
therefore, the region-specific (dashed) and combined (solid) lines overlap for the thicker femoral

and tibial cartilage
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The semi-automated segmentation method showed high reproducibility for measuring
cartilage thickness. The average CV calculated for each ROI across all semi-automated
segmentation trials showed a high degree of intra-observer reproducibility for each observer with
O1 (experienced) and O2 (moderately experienced) showing slightly better reproducibility than
03 (inexperienced) (Table 1). Inter-observer reproducibility was comparable between methods
with average CVs of 10 = 3.7% and 11 = 5.2% for manual and semi-automated methods
(p=0.4823), respectively, and intra-class correlation coefficients of 0.91 for both methods (Table
2).

Table 1: Intra-observer reproducibility results. Average coefficient of variation (CV) (mean +

standard deviation), thickness, and standard deviation (SD) across all regions of interest for the
semi-automated segmentations performed by observers O1, 02, and O3

o1 02 O3

Average CV (%) 3.0£15 3.0+£16 7.2+35
Average thickness (mm) 3.0+0.84 2.4 +£0.85 2.6 £0.83

Average SD (mm) 0.09+0.05 0.08+0.05 0.18+0.08
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Table 2: Inter-observer reproducibility results. Average coefficient of variation (CV) (mean +
standard deviation), thickness, and standard deviation (SD) and interclass correlation coefficients
(ICC) across all regions of interest for the manual and semi-automated segmentations performed
by observers O1, 02, and O3

Manual Semi-Automated
Average CV (%) 10+ 3.7 11+5.2
Average thickness (mm) 2.6+0.84 2.7+0.85
Average SD (mm) 0.28 £0.09 0.29+£0.11
ICC 0.91 0.91

The proposed semi-automated method resulted in a shorter average segmentation time than
manual segmentation for an entire knee (semi-automated: 22 + 6 sec/slice, manual: 30 + 12
sec/slice, p =0.0185). Additionally, segmentation time for each of the individual articular cartilage

surfaces was shorter with the semi-automated method (Table 3).

Table 3: Segmentation times (mean + standard deviation) for each bone across all subjects,
observers, and trials

Femur Tibia Patella

Semi-automated (sec/slice) 11+35 6.0+ 15 51+16

Manual (sec/slice) 14+5.8 9.7+34 6.5+3.2
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4. Discussion

Growing interest in subject-specific joint modeling has escalated the need for more
efficient and accurate cartilage segmentation methods given that manual segmentation is time-
consuming and its accuracy is dependent on the experience of the observer [25, 26]. In this paper,
we introduced a semi-automated segmentation method that uses a three-point radial line casting
approach to reconstruct 3D articular cartilage morphology and generate cartilage thickness maps.
We show that this method produces cartilage thickness maps with comparable accuracy and
reproducibility to manual techniques, while reducing the time needed to segment images. The
cartilage geometries can be directly incorporated in computational models of joint mechanics [54],
and may also find utility for tracking changes in cartilage thickness in longitudinal studies of
osteoarthritis.

Our semi-automated segmentation technique reduced segmentation time by 27% on
average. The time savings can be furthered by not segmenting every slice in a stack of images, a
technique previously shown to result in no reduction in accuracy or precision when every other
slice is segmented [55]. While fully-automated cartilage segmentation methods could conceivably
eliminate all manual user time [40, 41], these techniques need a pre-established database. Hence,
our semi-automated method could provide a more efficient approach to segment images for this
training database.

Our study assessed the accuracy of the newly developed cartilage segmentation method by
comparing cartilage thickness measurements generated using the semi-automated and manual
segmentation methods. In general, the cartilage thickness measurements generated with these
techniques were within 0.5 mm (Figure 5), which is slightly greater than the in-plane image
resolution (0.31 mm) which may reflect the lower limit for the segmentation accuracy. Notably,

there was no bias in the semi-automated thickness predictions with only a slight trend towards
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underprediction in the thickest cartilage regions (>5 mm). These thickest regions correspond to
portions of the tibial and femoral cartilage surface that are in contact when the knee is in the MR
scanning posture (approximately full extension). Determining the boundary of these cartilage
surfaces in contact regions presents a segmentation challenge and, thus, may partially explain this
trend in underestimation. Errors in cartilage thickness measurements may also result from
inaccurate delineation of the bone-cartilage interface and the superficial cartilage surface
boundary, which can occur in both manual and semi-automatic segmentations. Manual
segmentation of the bone-cartilage interface is particularly prone to errors due to the low contrast
between bone and the deep zone of cartilage in MR images [4]. Similarly, synovial fluid located
near the superficial cartilage surface boundary can result in ambiguous boundaries. These sources
of error may be minimized by the proposed semi-automated method since it uses objective
measures of pixel intensity gradients to find the bone-cartilage interface and superficial cartilage
surface boundary. The semi-automated method provides an additional advantage by allowing users
to adjust misidentified contour points in regions of low image contrast. The higher average
thickness measurements of O1 compared to the other observers (Table 2) may be the result of this
observer adjusting the contour points based on previous segmentation experience.

We found intra-observer reproducibility for the semi-automated cartilage segmentation
method comparable to that reported for manual segmentation methods [38], with the observers
with the most knee cartilage segmentation experience (O1 and O2) exhibiting the best
reproducibility. However, the observer with the least segmentation experience (O3) exhibited the
highest variations in cartilage thickness measurements across repeat segmentations. These
differences demonstrate that the proposed method still benefits from use by more experienced

observers, especially during the optional manual correction of the contour points. The coefficients
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of variation (CVs) for inter-observer reproducibility were higher than for intra-observer
reproducibility, which agrees with previous findings [38]. Both CVs and intra-class correlation
coefficients showed that both semi-automated and manual methods produced similar agreement
across observers. This finding is important for large-scale investigations of cartilage morphology
because it gives greater confidence in cartilage thickness measurements obtained by a wide-range
of observers using this semi-automated segmentation method.

It is notable that our semi-automated algorithm was suitable for reconstructing femoral,
tibial, and patellar cartilage morphologies given that all geometries are needed to model joint
mechanics. The technique can readily be extended to other joints, e.g. hip, shoulder and ankle,
with a simple modification of the radial projection point (Fig. 1). Our current study tested the
segmentation algorithm on MRI images obtained from a 3D FSE Cube sequence, which has
previously been shown to accurately capture knee cartilage morphology [56] and is readily
available on clinical MR scanners. The semi-automated algorithm is likely suitable for other MR
sequences that provide good contrast between cartilage and neighboring tissues.

In conclusion, we have developed and validated a new semi-automated cartilage
segmentation method that uses a novel three-point radial line casting algorithm to identify the
bone-cartilage interface and the superficial cartilage surface boundary of the knee articular
cartilage from MR images. The semi-automated cartilage segmentation method was shown to
provide accurate and repeatable measurements of cartilage morphology that may be suitable for
use in computational joint mechanics models, longitudinal studies of OA progression, and

generation of large-scale databases for fully automated segmentation algorithms.
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Conclusions and Future Directions

This thesis aimed to directly assess the link between abnormal knee mechanics and early
signs of cartilage degeneration in ACLR knees and, then, to investigate the effect of ACLR surgical
factors on post-operative knee mechanics. This was achieved by first assessing the link between
quantitative MR relaxation parameters measured via a mcDESPOT sequence and cartilage
mechanical properties. The associations found in this investigation provided confidence in using
this quantitative MR sequence to track changes in cartilage health in ACLR knees. As discussed
in Chapter 1, an additional motivation of this study was to investigate the potential to use the
mcDESPOT sequence as a non-invasive method of assessing cartilage mechanical properties.
While the observed link between mcDESPOT relaxation parameters and cartilage properties
provides promise for this application, further work is needed to assess the robustness and accuracy
of this relationship. Fortunately, this work is already moving forward with more cadaveric cartilage
resections being imaged, along with additional testing techniques (i.e. unconfined compression
and microindentation) being used to characterize mechanical properties and histology and
biochemical analyses being used to assess macromolecular content of the cartilage tissue. These
data will be used to further assess the accuracy of this link between mcDESPOT relaxation
parameters and cartilage mechanical properties and to determine if this relationship is subject-
specific. Additionally, the findings in Chapter 1 suggest that, regardless of how many samples are
tested, there will still be some variability in cartilage mechanical properties assessed using
quantitative MR imaging. The next step in this work is to use the probabilistic modeling techniques
discussed in Chapter 4 to assess the variability in computational model predictions as a result of
variability in cartilage properties. This will provide an understanding of the confidence bounds for

the predictions of this modeling framework.
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This thesis then investigated the commonly cited theory that abnormal knee mechanics
following ACLR initiate cartilage degeneration. We found that abnormal cartilage contact was
linked to progressive changes in cartilage composition, which provides support for this theory. It
IS interesting that most of the changes in cartilage contact and composition were observed on the
medial tibial plateau, which is the same region in which OA development most commonly occurs
in this population [1]. However, it is important to note that these findings are associative and do
not indicate a cause-effect relationship between knee mechanics and changes in cartilage health.
It is well-known that there are a cascade of additional changes that occur within the knee joint
following an ACL injury and subsequent ACLR that may also contribute to cartilage degeneration,
including acute cartilage damage sustained at injury [2], subchondral bone bruising [3], and
inflammation within the joint capsule [4, 5]. Thus, future work is needed to assess the interaction
between these changes and altered cartilage contact mechanics in the progression of OA. This will
likely require a well-controlled model of cartilage degeneration and altered knee mechanics.
Therefore, a combination of animal models and high-fidelity cartilage models may be necessary
to investigate the causal link between altered knee mechanics and the development of OA
following ACLR.

This thesis then determined that variability in ACL graft tunnel placement leads to altered
knee mechanics during both simple and functional movements. These studies (Chapters 3 and 4)
were motivated by the findings of Chapter 2, given that Chapter 2 showed that altered knee
mechanics may initiate cartilage degeneration in ACLR knees. However, to further assess the link
between ACL graft tunnel placement and cartilage degeneration, the next step is to investigate the
relationship between ACL graft geometry (from Chapters 3 and 4) and longitudinal changes in

cartilage composition (from Chapter 2). This will allow for a more direct assessment of the link
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between ACLR surgical technique and long-term cartilage health. Additionally, through the use of
probabilistic surgical simulations, we determined that additional ACLR surgical factors (i.e. graft
stiffness and initial tension) also influence post-operative knee mechanics. Using these surgical
simulations, we can begin to assess the interaction between these surgical factors to determine an
ideal approach to restoring normative knee mechanics with current ACLR techniques.

The final chapter of this thesis assessed the accuracy, reproducibility, and efficiency of a
semi-automated technique for the segmentation of knee articular cartilage in comparison to manual
segmentation. This study provided confidence in the cartilage contact measurements of the other
chapters of this thesis, given that this segmentation algorithm was commonly used to generate the
cartilage models for each ACLR subject. Inaccurate segmentation of the articular cartilage would
lead to large errors in the contact measurements. Thus, this study confirmed that this semi-
automated segmentation method was appropriate for our application.

In the final chapter, we also concluded that this semi-automated segmentation algorithm
was faster than the gold-standard of manual segmentation. While statistically true, the difference
between the speed of these techniques may not be noticeable unless one is performing a large
volume of segmentations. Truly, the future of MR image segmentation lies in fully-automated
techniques, the most promising of which utilize machine-learning and deep-learning based
algorithms [6, 7]. These techniques can produce complete knee segmentations within a few
seconds with accuracy comparable to manual techniques. However, these fully-automated
algorithms require large amounts of training data and are not currently widely available. Thus, this
semi-automated segmentation method may be a useful option for efficiently generating the training
data needed for fully-automated techniques or for researchers that only need to segment a small

number of knees. Additionally, in collecting and analyzing the data for this thesis we generated a
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large number of segmented MR images that can be used as a training data set for these fully-
automated algorithms. | am currently in the process of applying one of these algorithms [6] to our
data to mitigate the need for manual segmentation by future members of our lab.

While this thesis provides insight into the development of OA following ACLR, these
findings open the question of the next steps in attempting to mitigate the risk of OA and improving
long-term outcomes of this patient population. In Chapters 3 and 4, we showed that small
variations in tunnel placement can lead to relatively large shifts in knee mechanics. The next step
in this work to assess the sensitivity of cartilage health to these shifts in knee mechanics.
Understanding this sensitivity is necessary to determine the accuracy needed in graft placement to
mitigate the risk of cartilage degeneration following ACLR. The data used in Chapter 2 could be
used to initially investigate this sensitivity given that bilateral differences in graft geometry can be
assessed for each subject and coupled with longitudinal measures of cartilage composition.
However, it is important to note that experienced, fellowship-trained surgeons are highly accurate
in graft placement with ‘errors’ of 2 to 3 mm with independent tunnel drilling techniques [8, 9].
To further improve the accuracy of tunnel placement it may be necessary to explore use of robot-
assisted or computer-navigated surgical techniques, which have become more common in
orthopedic applications with the adoption of robot-assisted joint replacements. While an expensive
option, data such as those presented in this thesis are beginning to show that restoring normative
knee mechanics during an ACLR may help reduce the risk of OA and, thus, reduce the financial
burden associated with the current incidence of OA. Additionally, we have begun to investigate
the link between ACL graft tunnel ‘grading’ performed by surgeons of different experience levels

and post-operative knee mechanics (Appendix A). Data such as these may serve as an additional



157

training tool for surgeons, to provide a more clear relationship between decisions made during
surgery and patient outcomes.

In conclusion, this thesis couples longitudinal in vivo assessments of knee mechanics and
cartilage composition with probabilistic surgical simulations to conclude that optimal graft tunnel
placement is critical to restore normative knee mechanics and, thus, to mitigate the risk of OA
following ACLR. This is the first study to provide a direct link between abnormal in vivo cartilage
contact and early signs of cartilage degeneration in ACLR knees. Further, this is also the first study
to couple experimental measurements and computational model predictions to assess the effect of
ACLR surgical factors on post-operative knee mechanics. Given the ever-advancing technologies
for assessing joint mechanics and cartilage health and recent trends towards patient-specific
medicine, | am excited to follow future modifications and improvements for the treatment of ACL

injuries.

References

1. Barenius B, Ponzer S, Shalabi A, et al (2014) Increased risk of osteoarthritis after anterior
cruciate ligament reconstruction: a 14-year follow-up study of a randomized controlled
trial. Am J Sports Med 42:1049-57 . doi: 10.1177/0363546514526139

2. Bolbos RI, Ma CB, Link TM, et al (2008) In vivo T1rho quantitative assessment of knee
cartilage after anterior cruciate ligament injury using 3 Tesla magnetic resonance imaging.
Invest Radiol 43:782—788 . doi: 10.1097/RL1.0b013e318184a451;
10.1097/RLI.0b013e318184a451

3. Johnson DL, Bealle DP, Brand Jr. JC, et al (2000) The effect of a geographic lateral bone

bruise on knee inflammation after acute anterior cruciate ligament rupture. Am J Sport



158

Med 28:152-155 . doi: 10.1177/03635465000280020301

Elsaid KA, Fleming BC, Oksendahl HL, et al (2008) Decreased lubricin concentrations
and markers of joint inflammation in the synovial fluid of patients with anterior cruciate
ligament injury. Arthritis Rheum 58:1707-1715 . doi: 10.1002/art.23495

Marks PH, Donaldson MLC (2005) Inflammatory Cytokine Profiles Associated With
Chondral Damage in the Anterior Cruciate Ligament-Deficient Knee. Arthrosc J Arthrosc
Relat Surg 21:1342-1347 . doi: 10.1016/j.arthro.2005.08.034

Liu F, Zhou Z, Jang H, et al (2018) Deep convolutional neural network and 3D
deformable approach for tissue segmentation in musculoskeletal magnetic resonance
imaging. Magn Reson Med 79:2379-2391 . doi: 10.1002/mrm.26841

Zhou Z, Zhao G, Kijowski R, Liu F (2018) Deep Convolutional Neural Network for
Segmentation of Knee Joint Anatomy. Magn Reson Med In Press:1-12 . doi:
10.1002/mrm.27229

Abebe ES, Moorman CT, Dziedzic TS, et al (2009) Femoral Tunnel Placement During
Anterior Cruciate Ligament Reconstruction An In Vivo Imaging Analysis Comparing
Transtibial and 2-Incision Tibial Tunnel-Independent Techniques. Am J Sports Med
37:1904-1911 . doi: 10.1177/0363546509340768

Robin BN, Jani SS, Marvil SC, et al (2015) Advantages and Disadvantages of Transtibial,
Anteromedial Portal, and Outside-In Femoral Tunnel Drilling in Single-Bundle Anterior
Cruciate Ligament Reconstruction: A Systematic Review. Arthrosc - J Arthrosc Relat

Surg 31:1412-1417 . doi: 10.1016/j.arthro.2015.01.018



159

Appendix A: Association between Surgeon Graft Tunnel Grading and Tibiofemoral
Kinematics following ACL Reconstruction: A Preliminary Investigation

Following anterior cruciate ligament reconstruction (ACLR) surgeons will commonly
‘grade’ the quality of their graft tunnel placement. This is typically done by obtaining anterior-
posterior (AP) and lateral radiographs of the patient’s reconstructed knee and assessing if the
location at which the tunnel enters the joint capsule is ‘anatomic’. Since the location of the native
ACL footprint is unknown, ‘anatomic’ is typically defined as the expected location of the native
ACL footprint based off bony landmarks within the radiograph. While this practice of grading
ACLR graft tunnels is not currently standardized, it is commonly done by many surgeons as a
means of assessing the quality of their tunnel placement. We previously found that variations in
graft tunnel placement affect post-operative knee mechanics. Thus, we sought to investigate the
link between ACL graft tunnel grading and tibiofemoral kinematics.

In this preliminary investigation, we used data previously collected on 18 subjects that
underwent a primary, unilateral ACLR and were reported in Chapter 3 (9 male, 9 female, 24.8 +
5.7 yrs, 78.9 £ 16.5 kg, 20.2 £ 8.7 months post-op, 9 bone-patellar tendon-bone grafts, 9 hamstrings
tendon grafts). Briefly, bilateral static and dynamic magnetic resonance (MR) images were
collected for each subject and used to measure tibiofemoral kinematics during active, loaded knee
flexion-extension. We then computed the tibiofemoral kinematics at peak knee flexion. We then
had two orthopedic surgeons (surgeon 1: 12 years as a fellowship-trained sports medicine surgeon;
surgeon 2: 2 years as a fellowship-trained sports medicine surgeon) grade the femoral and tibial
tunnel graft placement of each subject. Given that this was a preliminary investigation, the
surgeons graded the tunnel placement using the static MR images, as opposed to the more common
approach of using radiographs. We used a grading system to reflect how well the graft tunnel

footprint matched the native ACL footprint to standardize the grading across surgeons (Figure 1).
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Since these MR images were collected post-ACLR, the native ACL footprint was no longer visible.
Thus, we allowed each surgeon to use his own method for assessing the location of the native ACL
footprint. We then computed the Pearson’s correlation coefficients between the graft tunnel grade
and the absolute side-to-side differences (reconstructed minus contralateral) in tibiofemoral
kinematics at peak knee flexion (o = 0.05).

The absolute side-to-side differences in anterior tibial translation and internal tibial rotation
were significantly correlated with femoral tunnel score when grouping the tunnel grading of both
surgeons together (Figure 2). However, when analyzing the femoral tunnel scores of each surgeon
independently, we observed a significant correlation between femoral tunnel score and abnormal
anterior tibial translation and internal tibial rotation for only the more experienced surgeon (i.e.
surgeon 1) (Figure 3). A trend towards significance was observed for the correlation between
abnormal anterior tibial translation and femoral tunnel score for the less experienced surgeon (i.e.
surgeon 2). No correlation was observed between abnormal internal tibial rotation and femoral
tunnel score for surgeon 2.

The ACL graft tunnel grading of the more experienced surgeon was more strongly linked
to post-operative tibiofemoral kinematics, than that of the less experienced surgeon. This finding
may reflect a link between greater experience and an improved understanding of ideal graft
placement based off landmarks in a static MR image. However, it is unknown how this finding
translates to the assessment of ideal graft placement during arthroscopic tunnel drilling.
Additionally, this finding may reflect a potential opportunity to provide training to less
experienced surgeons in the grading of ACL graft tunnels. By providing feedback to surgeons on
subjects with large bilateral differences in tibiofemoral kinematics, but tunnels scored as ‘good’,

we may be able to close the gap in understanding the link between tunnel placement and patient
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outcomes. This approach may also allow us to develop a standardized approach to grade ACL graft
tunnel placement. However, future work is need to assess the link between graft tunnel grading

and post-operative kinematics across a wider range of surgeons and experience levels.

Name: Date:

Years as a fellowship trained surgeon:

ACL Reconstruction Tunnel Location Assessment:

Please assess how well the femoral and tibial tunnel footprints match the native ACL footprints for each patient.
1 = tunnel footprint is completely outside of the native ACL footprint.

3 = center of the tunnel footprint aligns with the outer edge of the native ACL footprint.

5 = center of the tunnel footprint perfectly aligns with the native ACL footprint.

Femoral Tunnel Footprint Location Tibial Tunnel Footprint Location
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Figure 1: Graft tunnel grading system used by surgeons. The system ranged from 1 to 5 points,
with 5 indicating an ideal tunnel placement and 1 indicating a poor tunnel placement. During
grading, we allowed surgeons to assign a score to the femoral and tibial tunnels independently in
0.5 point increments.
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Figure 2: Scatter plots show the correlation between abnormal tibiofemoral kinematics and the
femoral tunnel scores for both surgeons. The absolute side-to-side difference in anterior tibial
translation and internal tibial rotation were correlated with the femoral tunnel score when grouping
the scores for both surgeons.
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Figure 3: Scatter plots show the correlation between abnormal tibiofemoral kinematics and the
femoral tunnel score for each surgeon. The absolute side-to-side difference in anterior tibial
translation and internal tibial rotation were significantly correlated with the femoral tunnel score
for the more experienced surgeon (i.e. surgeon 1). However, only a trend towards significance was
observed between the absolute side-to-side difference in anterior tibial translation and the femoral
tunnel score for the less experienced surgeon (i.e. surgeon 2).



