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a b s t r a c t

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 in 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 follow-
ing 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 tro-
chlear 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.

� 2017 Published by Elsevier Ltd.

1. 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 radio-
graphic 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). More-
over, patients who have sustained ACL rupture have a higher risk
of patellar cartilage loss 7–11 years post-injury, identified via mag-
netic 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 transla-
tion and rotation with ACL deficiency may lead to abnormal patel-
lar rotation, tilt, and translation (Hsieh et al., 1998; Van de Velde
et al., 2008). These altered patellofemoral kinematics may ulti-
mately lead to altered PFJ cartilage contact (Hsieh et al., 2002).
While normal mechanical loading of cartilage is critical for carti-
lage 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
in vivo PFJ cartilage response in patients is crucial for understand-
ing the link between altered loading and OA progression.
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Cartilage can be modeled as a biphasic material (Mow et al.,
1984, 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 mea-
surement of cartilage strain in response to activity using MR imag-
ing, 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 in vivo data quantifying
the influence of ACL deficiency on PFJ cartilage mechanics, we
employed this MRI-based technique 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 carti-
lage thickness and strain as compared to the intact contralateral
knees.

2. Methods

2.1. 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 clini-
cally and radiographically) were recruited for participation (mean
age 31 years, range 21–47 years; mean body mass index (BMI)
25.6 kg/m2, range 21.7–34.7 kg/m2). The chronicity of the injuries
ranged from 24 days to 13 years and 11 months prior to data col-
lection. One subject could not recall the date of injury, but esti-
mated the injury to have occurred between 14–25 months prior.
At the time of the study, subjects had not undergone ACL recon-
struction and had no history of injury or surgery to the intact con-
tralateral knee.

2.2. Data collection

The protocol used in this study has been previously described
(Sutter et al., 2015). Subjects were instructed to refrain from stren-
uous 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 Inter-
national 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 min 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 sub-
jects in the supine position and their knees relaxed. Sagittal plane
images were obtained using a 3 T MR scanner (Trio Tim; Siemens;
Malvern, PA) with an eight-channel dedicated knee coil using a
double echo steady-state (DESS) pulse sequence (resolution: 0.3
� 0.3 � 1 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 min.

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 dis-
tance. 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 per-

form 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 min and 48 s over-
all (range 3:14–4:35; ACL deficient mean 3:48; intact mean 3:47).

2.3. Model creation and analysis

MR images were imported into a solid modeling software (Rhi-
noceros; Robert McNeel and Associates; Seattle, Washington), in
which a single investigator manually traced the outer 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 Stu-
dio; Morrisville, NC), thereby allowing for the quantification of
changes in cartilage thickness pre- versus post-exercise at corre-
sponding locations (Okafor et al., 2014). Patellar and trochlear car-
tilage thickness, in both the pre- and post-exercise models, was
defined as the distance between each vertex on the cartilage sur-
face mesh and the closest vertex on the corresponding bony sur-
face mesh. These calculations were used to create cartilage
thickness maps of the patellofemoral joint (Fig. 1). Cartilage thick-
ness 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 sur-
face and fifteen regions were used across the femoral trochlea
(Fig. 2), employing a technique modified from a previous investiga-
tion 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 < .05. Two separate
repeated measures ANOVAs were performed (for patellar cartilage
and for trochlear cartilage) to compare cartilage thicknesses before
and after exercise in the ACL deficient versus intact knees. Signifi-
cant ANOVA results were followed up with Fisher’s LSD post-hoc
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Fig. 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; I = inferior; M = medial; L = lateral). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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