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Abstract

Anterior cruciate ligament (ACL) deficient patients have an increased rate of patellofemoral joint
(PFJ) osteoarthritis (OA) as compared to the general population. Although the cause of post-injury
OA is multi-factorial, alterations in joint biomechanics may predispose patients to cartilage
degeneration. This study aimed to compare /7 vivo PFJ morphology and mechanics between ACL
deficient and intact knees in subjects with unilateral ACL ruptures. Eight male subjects underwent
baseline MRI scans of both knees. They then performed a series of 60 single-legged hops,
followed by a post-exercise MRI scan. This process was repeated for the contralateral knee. The
MR images were converted into three-dimensional surface models of cartilage and bone in order to
assess cartilage thickness distributions and strain following exercise. Prior to exercise, patellar
cartilage was significantly thicker in intact knees as compared to ACL deficient knees by 1.8%. In
response to exercise, we observed average patellar cartilage strains of 5.4 + 1.1% and 2.5 + 1.4%
in the ACL deficient and intact knees, respectively. Importantly, the magnitude of patellar cartilage
strain in the ACL deficient knees was significantly higher than in the intact knees. However, while
trochlear cartilage experienced a mean strain of 2.4 + 1.6%, there was no difference in trochlear
cartilage strain between the ACL deficient and uninjured knees. In summary, we found that ACL
deficiency was associated with decreased patellar cartilage thickness and increased exercise-
induced patellar cartilage strain when compared to the uninjured contralateral knees.

Corresponding author: Louis E. DeFrate, Sc.D., Duke University Box 3093, Durham, NC 27710 USA, Phone: (919) 681-9959, Fax:
(919) 681-8490, lou.defrate@duke.edu.

CONFLICT OF INTEREST STATEMENT

The authors have no conflicts of interest to report.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Owusu-Akyaw et al. Page 2

Keywords
biomechanics; strain; patella; osteoarthritis; MRI

INTRODUCTION

Patellofemoral joint (PFJ) pain and cartilage degeneration are commonly observed sequelae
of anterior cruciate ligament (ACL) rupture (Asano et al., 2004; Culvenor et al., 2013;
Lohmander et al., 2007; Neuman et al., 2009; Sachs et al., 1989). The radiographic
prevalence of PFJ osteoarthritis (OA) is estimated to be 50% 10-15 years following ACL
injury, even if the patient had their ligament surgically reconstructed (Culvenor et al., 2013).
Moreover, patients who have sustained ACL rupture have a higher risk of patellar cartilage
loss 7-11 years post-injury, identified via magnetic resonance imaging (MRI) (Potter et al.,
2012). The limitations in function and pain associated with knee OA (Farrokhi et al., 2013)
are of grave concern for the young population experiencing ACL injuries.

A contributing factor to post-injury OA development may include alterations in PFJ loading
resulting from ACL deficiency. While changes in PFJ kinematics have been identified, the
effect of ACL deficiency on in vivo cartilage mechanics has not been well quantified. It has
been suggested that alterations in tibial translation and rotation with ACL deficiency may
lead to abnormal patellar rotation, tilt, and translation (Hsieh et al., 1998; Van de Velde et
al., 2008). These altered patellofemoral kinematics may ultimately lead to altered PFJ
cartilage contact (Hsieh et al., 2002). While normal mechanical loading of cartilage is
critical for cartilage development and maintenance (Beaupre et al., 2000; Coleman et al.,
2013), abnormal cartilage loading in the setting of ligamentous injury may contribute to
cartilage degeneration and early-onset OA (Griffin and Guilak, 2005; Van de Velde et al.,
2009). Therefore, measuring how ACL deficiency affects the /n7 vivo PFJ cartilage response
in patients is crucial for understanding the link between altered loading and OA progression.

Cartilage can be modeled as a biphasic material (Mow et al., 1984; Mow et al., 1980),
consisting of the extracellular matrix and interstitial fluid. As a result, following the removal
of a mechanical load, fluid that was exuded from the tissue during loading reenters the tissue
in a time-dependent manner (Eckstein et al., 2006; Mow et al., 1984). This time-dependent
recovery of fluid allows for the measurement of cartilage strain in response to activity using
MR imaging, by comparing cartilage thickness distributions prior to and following load-
bearing activities (Coleman et al., 2013; Sutter et al., 2015). As there is currently limited /n
vivo data quantifying the influence of ACL deficiency on PFJ cartilage mechanics, we
employed this MRI-based technigque to compare site-specific PFJ cartilage thickness changes
and strain in ACL deficient and intact knees following exercise. We hypothesized that ACL
deficient knees would demonstrate differences in both patellofemoral cartilage thickness and
strain as compared to the intact contralateral knees.
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METHODS

Subject Demographics

Institutional Review Board approval was obtained for this study, and subjects provided
written consent prior to participation. Eight male subjects with unilateral ACL injuries
(confirmed clinically and radiographically) were recruited for participation (mean age 31
years, range 21-47 years; mean body mass index (BMI) 25.6 kg/m?, range 21.7-34.7 kg/
m?2). The chronicity of the injuries ranged from 24 days to 13 years and 11 months prior to
data collection. One subject could not recall the date of injury, but estimated the injury to
have occurred between 14-25 months prior. At the time of the study, subjects had not
undergone ACL reconstruction and had no history of injury or surgery to the intact
contralateral knee.

Data Collection

The protocol used in this study has been previously described (Sutter et al., 2015). Subjects
were instructed to refrain from strenuous activity the night before and the morning of the
study. They arrived at the laboratory at 7am to reduce the effects of diurnal changes in
cartilage thickness (Coleman et al., 2013; Widmyer et al., 2013). Upon arrival, the subjects
completed a standard International Knee Documentation Committee (IKDC) questionnaire
to help gauge each individual’s functionality and pain levels (Collins et al., 2011). The
participants were then asked to lie supine near the MR scanner for 45 minutes prior to data
collection (Sutter et al., 2015) in order to allow the cartilage to relax to a baseline unloaded
state (Eckstein et al., 2006). The subjects then underwent MRI of both knees prior to
activity. All MRI scans were acquired with subjects in the supine position and their knees
relaxed. Sagittal plane images were obtained using a 3T MR scanner (Trio Tim; Siemens;
Malvern, PA) with an eight-channel dedicated knee coil using a double echo steady-state
(DESS) pulse sequence (resolution: 0.3x0.3x1 mm, flip angle: 25 degrees, repetition time
(TR): 17 ms, echo time (TE): 6 ms) (Taylor et al., 2013; Utturkar et al., 2013). The duration
of each DESS acquisition was approximately 9 minutes.

Subjects were then transported via wheelchair about 10 m to the hallway adjacent to the MR
scanner, where they performed 60 single-legged hops, each of which was 0.6 m in horizontal
distance. During hopping, the contralateral knee remained in a flexed, non-weight bearing
position. Immediately after, subjects returned to the wheelchair and were transported back to
the MR scanner for a post-activity MRI scan of the exercised knee using the same
parameters outlined above. This process was then repeated to perform the hopping activity
and subsequent post-activity MRI scan on the opposite knee. Half of the subjects had their
ACL deficient knee tested first, while the other half had their intact knee tested first. The
mean time from the completion of the hopping activity to the start of the post-exercise MRI
scan was 3 minutes and 48 seconds overall (range 3:14 — 4:35; ACL deficient mean 3:48;
intact mean 3:47).

Model Creation and Analysis

MR images were imported into a solid modeling software (Rhinoceros; Robert McNeel and
Associates; Seattle, Washington), in which a single investigator manually traced the outer
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bony cortices and articular cartilage surfaces of the patella and femur on each slice. This
segmentation technique has been previously shown to be repeatable to within 0.03 mm,
corresponding to differences in cartilage thickness of approximately 1.2% (Coleman et al.,
2013). The tracings were stacked to create wireframe models, which were then converted
into three-dimensional surface mesh models of the cartilage and bone (Geomagic Studio;
Morrisville, NC) (Okafor et al., 2014).

The bony surfaces of the pre- and post-exercise models were aligned using an iterative
closest-point technique (Geomagic Studio; Morrisville, NC), thereby allowing for the
quantification of changes in cartilage thickness pre- versus post-exercise at corresponding
locations (Okafor et al., 2014). Patellar and trochlear cartilage thickness, in both the pre- and
post-exercise models, was defined as the distance between each vertex on the cartilage
surface mesh and the closest vertex on the corresponding bony surface mesh. These
calculations were used to create cartilage thickness maps of the patellofemoral joint (Figure
1). Cartilage thickness was then measured at several sampling regions, each 2.5 mm in
radius, spaced evenly across the patellar and trochlear cartilage surfaces. Eleven regions
were used across the patellar cartilage surface and fifteen regions were used across the
femoral trochlea (Figure 2), employing a technique modified from a previous investigation
in our laboratory (Coleman et al., 2013). Strain within each of these regions was defined as
the normalized change in cartilage thickness following exercise (post-exercise thickness
minus pre-exercise thickness, divided by pre-exercise thickness). The average
compartmental strain was calculated as the mean strain across all sampling regions on the
patellar and trochlear cartilage surfaces, respectively.

All statistical analyses were performed using Statistica (StatSoft, Inc.; Tulsa, OK), with
significance defined as p<0.05. Two separate repeated measures ANOVASs were performed
(for patellar cartilage and for trochlear cartilage) to compare cartilage thicknesses before and
after exercise in the ACL deficient versus intact knees. Significant ANOVA results were
followed up with Fisher’s LSD post-hoc tests. Single mean t-tests were used to determine if
average compartmental strains were significantly different from zero, and average
compartmental strains for the ACL deficient and intact contralateral knees were compared
using paired t-tests. All results are reported as the mean + 95% confidence interval.

At baseline, the patellar cartilage was, on average, significantly thicker in the intact
contralateral knees compared to their ACL deficient counterparts by 1.8% (p=0.028; Figure
3). There was a significant decrease in patellar cartilage thickness following hopping in both
the intact and ACL deficient knees (Figure 4). In the intact knees, patellar cartilage
demonstrated an average compartmental compressive strain of 2.5+1.4% (p=0.011). In the
ACL deficient knees, the average compartmental compressive strain was 5.4+1.1%
(p<0.0001). The magnitude of patellar cartilage strain in the ACL deficient knees was
significantly greater than that observed in the intact knees (p=0.025). There were no
significant differences according to location on the surface of the patellar cartilage.
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Additionally, simple linear regression models were used to determine the effect of ACL
deficiency duration on patellar cartilage strain and baseline patellar cartilage thickness. One
subject was unable to recall the precise date of injury (estimated 14—25 months prior to
testing); therefore, this subject was excluded from the linear regression models. The duration
of ACL deficiency was not found to have a significant effect on patellar cartilage strain
(p=0.61) or baseline patellar cartilage thickness (p=0.55) for the 7 subjects analyzed.

ACL deficiency did not significantly affect trochlear cartilage thickness (p=0.97). The
overall average trochlear cartilage experienced an exercise-induced compressive strain of
2.4+1.6%, which was significantly different from zero (p=0.023). Furthermore, ACL
deficiency did not affect exercise-induced trochlear cartilage strain (p=0.64).

DISCUSSION

While previous investigations have demonstrated a link between ACL deficiency and
increased cartilage deformations in the tibiofemoral joint (Van de Velde et al., 2009), there is
little data quantifying the effect of ACL deficiency on /n vivo PFJ cartilage deformations.
The results of the present study demonstrate that patellar cartilage in ACL deficient knees is
significantly thinner than patellar cartilage in intact knees by 1.8%. Furthermore, after
single-legged hopping, an exercise that has been previously shown to generate measurable
tibiofemoral cartilage strain (Sutter et al., 2015), patellar cartilage strain was evident in both
ACL deficient and intact knees. Importantly, we found significantly greater exercise-induced
patellar cartilage strain in ACL deficient knees as compared to intact knees. These findings
are indicative of altered PFJ loading and potentially degenerative changes in the PFJ
cartilage in ACL deficient knees.

In this study, we found that patellar cartilage experienced an average compartmental
compressive strain of 2.5+1.4% in intact knees, versus 5.4+1.1% in ACL deficient knees.
Prior work has demonstrated comparable magnitudes of exercise-induced tibial cartilage
strain with single-legged hopping (5%) (Sutter et al., 2015) and treadmill walking (2-5%) in
uninjured subjects (Lad et al., 2016; Liu et al., 2017). Additionally, the degree of patellar
cartilage strain in intact knees in this study was slightly higher than that of patellar cartilage
diurnal strain resulting from daily activities (2%) (Coleman et al., 2013). These small
differences are likely due to differences between the loading patterns experienced during the
controlled single-legged hopping activity used here versus the loading patterns experienced
during the unrestricted activities of daily living that lead to diurnal changes (Coleman et al.,
2013).

In our study, there was a slight delay (average 3 minutes and 48 seconds) between the
completion of the hopping activity and the start of the post-exercise MRI scan. Although this
delay was minimized by the completion of the activity in the hallway adjacent to the MR
scanner, it could not be completely avoided. However, the average time delay was nearly
identical for the ACL deficient and intact knees (3:48 and 3:47, respectively), minimizing
the potential for between-group differences in cartilage recovery prior to the post-exercise
scan. Previous work has shown that patellar cartilage regains approximately 50% of its
volume within 45 minutes of performing 100 deep knee bends due to fluid reentry in the
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articular cartilage upon removal of mechanical load (Eckstein et al., 2006; Mow et al.,
1984). This information, coupled with our 3 minute and 48 second average delay between
the conclusion of the exercise and the start of MRI acquisition, indicates that our strain
findings are likely an under-estimation of the cartilage deformation present immediately
after completion of the hopping activity.

The finding of increased patellar cartilage strain in ACL deficient knees relative to
contralateral uninjured knees may be due to altered tibiofemoral kinematics resulting from
ACL deficiency. Specifically, there have been multiple studies indicating that the absence of
the ACL alters the motion of the tibia relative to the femur (Butler et al., 1980; Defrate et al.,
2006; Fukubayashi et al., 1982; Grood et al., 1984; Hsieh et al., 1998; Li et al., 2007a; Van
de Velde et al., 2009; Van de Velde et al., 2007). These changes in the motion of the
tibiofemoral joint may alter patellofemoral mechanics (Ali et al., 2016; Li et al., 2007b). To
this point, in a biomechanical study in cadaveric knees, Hsieh et al. noted that sectioning of
the ACL resulted in a significant increase in patellar lateral shift and posterior translation
with knee flexion (Hsieh et al., 1998). In a follow-up study, the authors showed that ACL
deficiency shifted the patellofemoral contact region laterally (Hsieh et al., 2002). In line with
these findings, Van de Velde et al. used MRI-based 3D knee models and biplanar
fluoroscopy to compare ACL deficient knees with intact contralateral knees /7 vivo (Van de
Velde et al., 2008). They found that patellofemoral cartilage contact was shifted proximally
and laterally with ACL deficiency during a lunge (Van de Velde et al., 2008). These
kinematic changes may cause abnormal loading of patellofemoral cartilage, which may
contribute to the increased patellar cartilage strains in ACL deficient knees reported here.

Alterations in the magnitude and distribution of load across the joint may also contribute to
the elevation of PFJ strain in ACL deficient knees. In support of this hypothesis, ACL
deficiency has been associated with abnormal elongation of the patellar tendon (\Van de
Velde et al., 2008). As quadriceps muscle force acts via the patellar tendon to allow for knee
extension, an increased patellar tendon length could reduce quadriceps efficiency and thus
the ability of the quadriceps to absorb the loading in the PFJ (Draganich et al., 1987).
Furthermore, quadriceps weakness has a high incidence following ACL injury (Sachs et al.,
1989), which may result in increased PFJ contact forces and thus a larger patellar cartilage
strain (Amin et al., 2006; Hurley, 1999). Congruently, Ali et al. demonstrated that ACL
deficiency increased PFJ joint reaction forces during simulated deep knee bends using finite
element modeling (Ali et al., 2016). Together, these studies suggest that alterations in load
transfer through the joint may contribute to the elevated patellofemoral strains in ACL
deficient knees observed in this study.

Alterations in PFJ loading due to ACL deficiency have important implications in the
development of post-injury OA. Normal chondrocyte metabolism and health is sensitive to
alterations in cartilage composition and mechanical compression (Griffin and Guilak, 2005;
Guilak, 2011; Guilak et al., 1994). While physiologic cyclic loading of the cartilage is
believed to enhance the anabolic metabolism of chondrocytes (Sanchez-Adams et al., 2014;
Wong et al., 1999), chondrocyte matrix synthesis may be inhibited in instances of either
super-physiologic (Wong et al., 1999) or static cartilage loading (Guilak et al., 1994). It has
been proposed that such alterations may predispose chondrocytes to catabolic metabolism of
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the extracellular matrix, thereby affecting cartilage composition (Griffin and Guilak, 2005;
Guilak, 2011; Sanchez-Adams et al., 2014). These compositional changes may include loss
of proteoglycan and disruption of the collagen matrix, which would affect the mechanical
function of the cartilage (Han et al., 2017; Hatcher et al., 2017; Makela et al., 2014).

The observed increase in cartilage deformation with ACL deficiency may also reflect altered
mechanical properties of cartilage associated with early (pre-OA) degenerative changes in
cartilage composition (Han et al., 2017; Sanchez-Adams et al., 2014; Setton et al., 1995;
Setton et al., 1994). In support of this hypothesis, Han et al. found that ACL transection
resulted in alterations of cartilage collagen fibrils and reduction of proteoglycan
concentration as early as nine weeks post-injury in a rabbit model (Han et al., 2017).
Furthermore, Van Ginckel et al. noted macroscopic morphological changes in knee cartilage
using MRI even following surgical reconstruction of the ACL (Van Ginckel et al., 2013).
Disruption of proteoglycan and collagen organization alters cartilage mechanical properties
(Hatcher et al., 2017; Setton et al., 1994), resulting in a decrease in modulus and thus
increased strain during loading. In the future, quantitative MRI techniques (such as T1p and
T2 mapping) can be utilized alongside the strain measurements described in the present
study to evaluate early compositional changes in the cartilage following an ACL injury
(Amano et al., 2016; Hatcher et al., 2017; Kumar et al., 2014; Neu, 2014).

In addition to an increased magnitude of patellar cartilage strain, we found that the ACL
deficient knees had thinner patellar cartilage compared to the intact contralateral knees at
baseline. This is consistent with earlier investigations that have described alterations in
cartilage thickness following ACL rupture (Frobell, 2011; Frobell et al., 2009). For instance,
Frobell et al. demonstrated decreased cartilage volume in the femoral trochlea at one and
two years post-injury (Frobell, 2011; Frobell et al., 2009). Cartilage thinning has also been
observed in ACL reconstructed knees with non-anatomic graft placement (DeFrate, 2017;
Okafor et al., 2014). Similar to our findings, Potter et al. showed that the risk of patellar
cartilage loss triples between years one and two post-ACL injury (Potter et al., 2012). The
observed loss of cartilage thickness may reflect degeneration in the ACL deficient knee. A
future longitudinal study could measure patellofemoral cartilage thickness changes in a
cohort of ACL deficient patients at specific time intervals post-injury to determine a more
exact timeline for this apparent cartilage thinning.

In summary, we measured PFJ cartilage thickness before and after hopping in ACL deficient
and intact knees. We observed significantly thinner patellar cartilage prior to exercise and a
greater patellar cartilage strain in ACL deficient knees when compared to the corresponding
intact contralateral knees. These findings suggest that alterations in native PFJ biomechanics
after ACL injury may contribute to cartilage changes post-ACL injury. An improved
understanding of the effect of ACL deficiency on cartilage thickness and strain can aid the
development of prevention strategies for post-injury OA. The techniques implemented in the
current study can be used in the future to evaluate the effectiveness of various treatment
methods for preserving the articular cartilage of the PFJ.
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Figure 1.
Exercise decreased cartilage thickness in the patella, as demonstrated in an ACL deficient

knee. Red regions represent thicker cartilage, while blue regions represent thinner cartilage.
(S = superior; | = inferior; M = medial; L = lateral).
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Figure 2.
Patellofemoral cartilage was sampled within 2.5 mm radius regions spanning the cartilage

surfaces, enabling site-specific comparisons of cartilage thickness before and after exercise
and between ACL deficient and intact knees. (A) Patellar cartilage. (B) Trochlear cartilage.
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Figure 3.

Mean (£95% CI) patellar cartilage thickness before and after performing a series of 60
single-legged hops in both ACL deficient and intact knees. Patellar cartilage was
significantly thinner post-exercise for both groups, and ACL deficient knees had
significantly thinner patellar cartilage at baseline than their intact counterparts (*p<0.05).
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Figure 4.
Mean (x95% CI) articular cartilage compressive strain after hopping exercise. Patellar

cartilage compressive strain in ACL deficient knees was greater as compared to intact knees
(*p<0.05), while trochlear cartilage compressive strain was not statistically different in ACL
deficient and intact knees (p=0.97). Average compressive strains were non-zero (#p<0.05).
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