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Abstract

Objective—Early detection of glycosaminoglycan loss may provide insight into mechanisms of
cartilage damage in the ACL-injured patient. We hypothesized that tibial and femoral AdGEMRIC
indices would be lower in the medial compartment of the ACL-injured knee than in the contralateral,
uninjured knee, and that scan order (i.e. whether the injured or the uninjured knee was imaged first)
would not affect the indices.

Methods—15 subjects with unilateral ACL injuries recieved a double dose of gadolinium [Gd
(DTPA)Z ] intravenously. After 90 minutes, both knees were sequentially imaged. The injured knee
was scanned first in the odd-numbered subjects and second in the even-numbered subjects. The
dGEMRIC indices of the median slice of the medial compartment were determined using the
MRIMapper software. Index comparisons were made between knee status (ACL-injured versus
uninjured), scan order (ACL-injured first versus uninjured first), and cartilage location (tibia versus
femur) using a mixed model.

Results—There was a significant difference in the mean dGEMRIC indices of the medial
compartment between injured and uninjured knees (p<0.007). On average, there was a 13% decrease
in the dGEMRIC index of the injured knee compared to the uninjured knee. There were no significant
effects due to test order (p=0.800) or cartilage location (p=0.439).

Conclusions—The results demonstrate lower GAG concentrations in the medial compartment of
the femoral and tibial articular cartilage of the ACL-injured knee when compared to the contralateral
uninjured knee. The dGEMRIC indices were not sensitive to scan order; thus, sequential imaging of
both knees is possible in this patient population.
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Introduction

Anterior cruciate ligament (ACL) injuries are thought to place the knee at risk for early
osteoarthritis (OA), though firm conclusions regarding the prevalence of OA remain
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controversial, ranging from 0% to 90%?. The mechanisms of cartilage damage following ACL
injury remain unknown but likely involve the initial inflammatory response, altered kinematics,
abnormal contact stresses, and concomitant injuries to the menisci and subchondral bone?~
10, Furthermore, animal models of ACL transection (i.e. the Pond-Nuki model) have been
developed to initiate OA to study disease progression and treatments1=12, Because there are
many confounding biochemical and biomechanical factors that must be considered, a
biomarker that can detect early changes in cartilage metabolism within this patient population
will be paramount to identify the prevalence of OA, to help establish the mechanisms and risk
factors of cartilage damage, and to evaluate potential treatment strategies. Because it is
estimated that more than 400,000 ACL injuries occur each year in the United States!3, and that
many of these patients are at increased risk for post-traumatic OA, the ability to intervene and
reverse the process is critical.

One of the primary matrix molecules of cartilage is aggrecan. The large aggrecan molecules
consist of many negatively-charged glycosaminoglycan (GAG) chains captured in a Type Il
collagen network. The GAGs are responsible for generating the swelling pressures in cartilage
that enable it to support high compressive loads. GAG loss is associated with cartilage
degeneration4, and follows ACL injury® 1. Therefore, a method that monitors GAG loss in
articular cartilage following ACL injury could possibly serve as an early biomarker of cartilage
damage, or as an indicator as to which ACL-injured patients may be at greater risk for
developing secondary OA.

Delayed Gadolinium-Enhanced MR Imaging of Cartilage (lGEMRIC) is a molecular imaging
technique that has been used to study GAG loss in the articular cartilage of patients with primary
OAI6-17 and it can be readily used on the cruciate-injured patient!®1°, With dGEMRIC, T1-
maps of hyaline cartilage are created following the intravenous (1) administration of an
anionic gadolinium-based contrast agent [Gd(DTPA)Z]. Since cartilage matrix is largely
composed of GAG molecules with negatively-charged carboxyl and sulfate groups, it repels
the negatively charged contrast ions. As a result, the gadolinium concentrations are higher in
cartilage regions with low GAG concentrations, and the cartilage T1-relaxation time (T1yq) is
reduced!®. The resulting dGEMRIC index (the average Tl1gq in aregion of interest) is related
to both the GAG concentration and the time between gadolinium administration and image
acquisition20=22, In healthy subjects, it is optimal to acquire the MR images 90-120 minutes
after IV contrast injection?0. For studies of ACL-injured patients, the contralateral uninjured
knee has been used as a control? 23, However, when using dGEMRIC, serial imaging of both
knees results in time differences between contrast administration and image acquisition, and
thus could influence the dGEMRIC index value.

The objectives of this study were to evaluate the dGEMRIC indices of the tibial and femoral
articular cartilage of the medial compartment of the knee following ACL injury, and to compare
them to those of the contralateral, uninjured “control” knee in one imaging session.
Additionally, we intended to establish whether scan order (i.e. whether the injured or uninjured
knee was imaged first) would influence the indices. We hypothesized that the tibial and femoral
dGEMRIC indices would be lower in the ACL-injured knees when compared to the uninjured
knees, and that the scan order would not affect the dGEMRIC indices. Since the time between
injury and MR imaging was variable between patients, our secondary hypothesis was that the
dGEMRIC indices of the ACL-injured knee were not dependent on the time from injury.

Materials and Methods

SUBJECTS

A total of 67 consecutive subjects were invited to participate in the study. 51 (76%) declined
participation, most commonly citing lack of time required within our local scheduling
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constraints or unwillingness to receive the IV infusion of contrast agent. Sixteen subjects were
included in the study, but in one case the time to follow up was more than 10 years, and this
subject was thus excluded from the analysis leaving 15 subjects (7 male and 8 female), who
were candidates for unilateral arthroscopic ACL reconstruction and met the inclusion criteria
for this study. All subjects had consulted with an orthopaedic surgeon for the treatment of a
traumatic ACL injury to correct problems associated with joint instability (Table 1), and were
included if they were between the ages of 18 and 50 years, had no prior history of injury to
either knee, and no predisposing conditions for arthritis (i.e. rheumatoid arthritis, diabetes).
Subjects were excluded if they had concomitant ligament injuries, significant mensical damage
(greater than 1/3 involvement), and/or if they had any chondral lesions as determined by clinical
examination and verified by diagnostic MRI. The diagnostic MRIs were also used to evaluate
the presence of traumatic bone marrow lesions (BMLs) and subchondral fractures in the tibial
plateau and femoral condyles. The median age was 26 years (range 19-48) and the median
time from injury to MR imaging was 82 days (range 21-424). Study approval was granted by
the local Institutional Review Board of Rhode Island Hospital prior to initiating subject
recruitment. All subjects gave their informed consent prior to participating.

MR IMAGING

The MR images were performed on a 1.5T magnet (Symphony; Siemens, Erlangen, Germany)
using a quadrature knee coil (Siemens, Erlangen, Germany). Since we intended to perform the
dGEMRIC analyses on the femoral and tibial articular cartilage from a single, 3 mm-thick slice
through the median plane of the medial femoral condyle (Fig. 1), a localizer sequence [axial
T1-weighted gradient echo] was first obtained. Five turbo spin-echo inversion recovery
sequences [inversion times of 1650ms, 650ms, 350ms, 150ms, and 28ms; TR=1800ms;
TE=19ms; Bandwidth = 326Hz; FOV=160mm; Matrix=384 x 384; voxel size=0.4 x 0.4 x
3mm; NEX = 1] were then acquired for subsequent T1gg mapping to compute the dGEMRIC
indices of the medial femoral and tibial articular cartilage.

dGEMRIC PROTOCOL

Each subject received gadolinium diethylene triamine penta-acetic acid (Magnevist; Bayer
Healthcare Pharmaceuticals, Montville, NJ), 0.2 mmol/Kg, administered by slow 1V infusion
through a catheter placed in the antecubital vein. The contrast agent injection time was less
than 5 minutes. The subject then walked vigorously for 10 minutes to promote delivery of the
contrast agent to the joint. The walk was followed by 80 minutes of rest to enable the contrast
agent to diffuse into the articular cartilage. The first AGEMRIC protocol was initiated 90
minutes after contrast administration.

The dGEMRIC scans were performed of the ACL-injured and contralateral uninjured knees
sequentially. For the odd-numbered subjects, the ACL-injured knee was scanned first. For the
even-numbered subjects, the uninjured knee was scanned first. The first knee was imaged 90
minutes post-contrast administration; the total imaging time was 11:50 minutes. The second
knee was imaged approximately 105 minutes after the injection. This approach allowed us to
evaluate the effects of scan order on the dGEMRIC indices.

IMAGE PROCESSING

The MRIMapper software package (2006a R2.1: Beth Israel Deaconess Medical Center,
Boston, MA) was used to create T1gq maps of the femoral and tibial cartilage segments in the
medial compartment (Fig. 2). First, the slice was viewed on a PC workstation. The femoral
and tibial cartilage segments were segmented manually from the slice by an experienced
examiner (Fig. 2). T1 maps were constructed and the average dGERMIC indices (T1gq) were
calculated. Analyses were performed on both the femoral and tibial articular cartilage.
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STATISTICAL ANALYSES

Results

Injured and uninjured dGEMRIC indices of the medial compartment were compared using a
three-way mixed linear model. The three factors were cartilage location (tibia versus femur),
knee status (injured versus uninjured), and scan order (injured first versus uninjured first). The
mixed linear model allowed us to consider cartilage location and knee status as within-subject
factors and scan order as an across-subject factor. All main effects, two-way interactions, and
the three-way interaction were included in the model. Cartilage location was included as a
random effect within subject using an unstructured variance-covariance structure, grouped by
knee after it was established that there was no significant covariance between cartilage location
across knees within individuals. The three-way and the two-way interactions including scan
order were tested for order effects. The main effects of knee status and scan order tested the
primary hypotheses. The study was powered (post-hoc) to detect a mean difference in the tibial
and femoral dGEMRIC indices of 52ms and 65ms, respectively.

Given that patients also varied in terms of their time from injury, a repeated measures mixed
linear model was used to probe the secondary hypothesis; the dGEMRIC indices did not vary
as a function of time from injury. The model included terms for time from injury (days),
cartilage location (tibia versus femur), and knee status (injured versus uninjured), as well as
all the two- and three-way interactions.

Comparisons between the two groups regarding the demographic parameters were performed
using Fisher’s exact test (gender distribution; bone marrow lesion distribution) or t-tests (all
other demographic parameters).

The demographics of Groups 1 and 2 are presented in Table 2. The median time between knee
injury and MR imaging was 117 and 68 days for Groups 1 and 2, respectively. Fourteen subjects
were imaged between 21 and 170 days after knee injury and one was imaged approximately
one year after knee injury (424 days). Results of the study did not change when repeat analyses
were performed after excluding the one subject imaged one year after injury (Table 1; Subject
7).

The medial compartment dGEMRIC indices of the ACL-injured knees were significantly less
than those of the contralateral uninjured knees (p=0.007). The dGEMRIC indices of the tibial
and femoral cartilage were not statistically different (p=0.800). There was no significant effect
due to test order (p=0.439), and no significant interactions (p>0.373). On average, there was
a 13% decrease in the dGEMRIC indices for the femoral cartilage (60+86.9 ms decrease) and
the tibial cartilage (62+69.5 ms decrease) of the injured knee when compared to that of the
contralateral uninjured knee (Fig 3). In addition, there was no significant effect due to days
from injury (p=0.240; Fig. 4) and no significant interactions between days from injury with
knee status or cartilage location (p>0.207). Time from injury did not influence dGEMRIC
indices for either the medial femur or medial tibia (Fig. 4).

Discussion

In this study we hypothesized that the dGEMRIC indices of the tibial and femoral cartilage of
the medial compartment would be lower in the ACL-injured knees when compared to the
contralateral uninjured (control) knees, and that imaging order would not affect these indices.
The results support both hypotheses. We found that the average dGEMRIC indices of the
cartilage in the medial femoral condyle and medial tibial plateau of the ACL-injured knees
were 13% less than those of the uninjured knees. It should be noted that the demographics,
including age, weight, height, BMI and the presence of BMLs, which might influence the scan
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order results, were similar between the two groups of subjects. Because scan order did not
influence the dGEMRIC indices, the contralateral uninjured knee can be used as a matched
control for investigating cartilage health in ACL-injured patients.

The cross-sectional sample of the present study also allowed us to explore the changes in
dGEMRIC indices of the medial compartment with respect to time from injury. The analyses
revealed that the indices were not dependent on the time from injury, and that the dGEMRIC
indices of the injured knees remain lower than those of the contralateral uninjured knees
(p<0.0001). This data should be interpreted cautiously, however, because the time from injury
for all but one subject was less than 6 months (Table 1).

The dGEMRIC technique has been used to evaluate changes in articular cartilage metabolism
following cruciate ligament injury'8=19, Tiderius et al. evaluated 24 patients with acute ACL
injuries and compared dGEMRIC indices to an activity level-matched, uninjured control
group!®. The average time from injury to imaging was 21 days (range 11-38 days). They
reported that the average dGEMRIC indices of the medial femoral condyles were 376 ms and
428 ms in the ACL-injured and matched controls, respectively. These values were less than
those measured in the current study, which were 406 ms and 462 ms, respectively. The
differences in the absolute d/GEMRIC indices may be due to the differences in the time between
contrast injection and MR imaging of the two studies (120 minutes versus 105 and 90 minutes),
differences in time between injury and imaging (3 vs 15 weeks), and differences in the
gadolinium concentrations (triple vs double dose). Nonetheless, the relative differences
between knees from the two studies were nearly identical (52 ms versus 56 ms). The data in
the present study support those reported previously by Tiderius et al. but over a wider range
of time from injuryl8. Because we found no difference in dGEMRIC indices due to scan time
(90 vs 105 minutes), our data suggests that identification of a separate control group may not
be necessary in future studies.

For studies of primary OA, it has been shown that the dGEMRIC indices are lower (<400 ms)
in patients with radiographic evidence of joint space narrowing (JSN) compared to those
without?®. The dGEMRIC indices for many of the ACL-injured knees reported in the current
study are within the range of those reported for arthritic patients with radiographic evidence
of JSN25. Eight out of fifteen subjects had dGEMRIC values less than 400 ms in either the
tibia or femur of the injured knee as compared to four out of fifteen in the tibia or the femur
of the uninjured knees (Table 1). Most of the studies to date relating dGEMRIC indices to the
degree of OA have been cross-sectional studies. Recently, Owman et al. determined that
dGEMRIC indices were lower at baseline in patients with knee pain and arthroscopically
visualized cartilage damage but no radiographic evidence of OA who then presented with
radiographic evidence of OA 6 years later25. This finding demonstrates the prognostic potential
of the dGEMRIC index.

Given that the dGEMRIC index is a promising marker of cartilage health, and that the lower
dGEMRIC index reflects the loss of proteoglycans in the articular cartilage of the knee 16=17,
26-27 dGEMRIC may prove valuable for understanding why certain ACL-injured patients go
on to develop early OA. In this study, the dGEMRIC indices of the ACL-injured knees were
typically lower than those of the contralateral uninjured knees. However, in 5 out of 15 of the
patients, either the tibial or femoral cartilage indices were greater than those of the contralateral
knee. Therefore a range of dGEMRIC indices occurs following ACL-injury across patients.
Thus, future prospective cohort studies could be designed to determine if ACL-injured knees
with a lower dGEMRIC index in the early stages of injury predict those patients who will
present with OA later, and to possibly relate the initial AIGEMRIC indices to other factors that
may place the ACL-injured patient at risk for OA (i.e. meniscal injury and subchondral bone
lesions). Randomized controlled trials could then be planned to determine whether current
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interventions (i.e. conservative rehabilitation and/or ACL reconstruction) can restore the
dGEMRIC index, and therefore the GAG concentration, to that of the contralateral uninjured
knee.

The presence of traumatic bone marrow lesions (BMLSs) and subchondral bone fractures have
been proposed as risk factors for early OA in the ACL-injured kneel®. Approximately 60% of
ACL-injured knees display BMLs one year after injury19. It has also been suggested that BMLs
have a median healing time of 42 weeks?4. It was not surprising, therefore, that every ACL-
injured knee within our study had signs of BMLs on MRI. Additionally, one subject (Subject
12) had a BML in the uninjured knee (Table 2). Although the presence of BMLs has been
associated with cortical depression fractures?, no such fractures were detected with MR
imaging in our subjects. It is important to note that the presence of BMLSs in the injured knees
was not significantly different between groups. Thus, this factor should not affect our
conclusion regarding the impact of scan order on dGEMRIC in the medial compartment. It
should be noted that in the ACL-injured knee, BMLs are most common in the lateral
compartment?, while the dGEMRIC measurements were performed in the medial
compartment in this study. Future work is required to establish if BMLs and cortical depression
fractures are risk factors of OA in this patient population.

We have previously shown that the GAG concentration in synovial fluid of the knee is
significantly elevated following an acute ACL injury when compared to the uninjured
contralateral knee, and that it remains elevated for up to one year®. Considered in the light of
the present study, these findings suggest that GAGs are released from the articular cartilage
into synovial fluid soon after knee injury. The dGEMRIC index has been used to study GAG
loss following joint traumal8=19: 28 and the results of the current study suggest that it could
be a suitable marker of cartilage damage in this patient population.

The dGEMRIC index was performed on a median slice in the medial compartment of the
tibiofemoral joint. This slice was selected by concensus of the investigator and the MR
technologist using anatomical landmarks. The regions of interest in the tibial and femoral
articular cartilage were manually segmented. For this study, the intra-observer variations due
to repeated segmentation on the dGERMIC indices were 0.8% and 1.2% for the femur and
tibia, respectively.

Several study limitations should be considered. First, the time between knee injury and MR
imaging ranged from 21 days to 424 days. However, this cross-sectional experimental design
was adequate for evaluating our primary hypotheses comparing the dGEMRIC indices as a
function of knee injury status and scan order. Additional long-term studies that evaluate the
change of the dGEMRIC index over time after injury are necessary. Second, it is possible that
the decrease in the mean dGEMRIC index in the ACL-injured knee is due to either a decrease
in GAG concentration, an increase in water content, or combination thereof. However, Tiderius
et al used a pre-contrast MRI to estimate the tissue hydration by comparing the T1 relaxation
time of the cartilage in the acutely injured knees to intact control knees, and they found that
they were similar in the medial compartment!8. Thus, they argued that hydration was not the
primary factor influencing the dGEMRIC index. Third, the dGEMRIC analyses were
performed in the medial compartment only in an effort to limit the total MR imaging time. The
medial compartment was selected for two reasons: 1) because cartilage degradation appears to
be greatest in the medial compartment following ACL injury?®=31, and 2) because it has been
shown that the dGEMRIC indices are similar in both compartments following acute ACL
injury18. Recent modifications to the dGEMRIC sequences may reduce scan acquisition time,
and allow cartilage imaging in three dimensions32733, Finally, there may be a selection bias
associated with this study because 76% of the eligible subjects either denied participation or
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could not be scheduled. Improvements in recruitment may be achieved by using a dedicated
research magnet with a more flexible schedule.

In conclusion, the dGEMRIC indices of the medial compartment of ACL-injured knees were
significantly lower than those of the contralateral, uninjured knees. The dGEMRIC indices
were not sensitive to imaging order. Sequential imaging of both knees for dGEMRIC analyses
is therefore possible in this patient population. Future work should aim to determine whether
alower dGEMRIC index in the acute stages after ACL injury predicts the development of early
post-traumatic osteoarthritis.
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Figure 1.
The median slice through the medial femoral condyle was selected for AdGEMRIC analysis.
Both the tibial and femoral cartilage segments were then evaluated within this slice.
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Figure 2.

T1 maps were generated of the medial compartment of the tibia and the femur using the
MRIMapper software package, and the mean dGEMRIC indices were calculated. The blue and
red regions denote high and low GAG concentrations, respectively.
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Figure 3.

Mean dGEMRIC indices from the mid-sagittal slice of the medial compartment of the tibia
and femur. The dGEMRIC indices of the ACL-injured knees were significantly less than those
of the contralateral uninjured knees (p=0.007). The indices between the tibia and femur were
not significantly different (p=0.800). There was no significant difference due to imaging order
(p=0.439). The dotted line represents the upper threshold from patients with radiographic
evidence of OAZ,
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Figure 4.

The medial compartment dGEMRIC indices for the ACL-injured (closed circles) and the
contralateral control knee (open circles) are shown for all subjects who were imaged within
one year of injury. For each pair, the dGEMRIC index for the injured knee is less than that of
the uninjured knee. The regression line and the associated 95% confidence intervals for the
injured knees are also shown. The lower dGEMRIC index remains relatively constant over

time.
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Table 2

The demographics of Groups 1 and 2 were relatively comparable.

Group 1 Group2  p-value

Age 31 (13) 31(9) 0.998

Gender 3F/5M 5F/2M 0.314

Time from Injury (days)* 117 68 0.181
Height (cm) 175 (44.9) 165(8.1)  0.138
Weight (Kg) 88(21.0) 71(9.6)  0.063

BMI 280 (4.9) 248(23) 0167

BML (injured) 8/8 717 1.000
BML (uninjured) 1/8 0/7 1.000

Note that Group 1 consisted of the ACL-injured subjects in which the injured knee was imaged first, while Group 2 consisted of those subjects in
which the uninjured knee was imaged first. The values provided are the means (standard deviation) except where noted.

*
indicates the median value. BMI = body mass index. BML = presence of traumatic bone marrow lesions.
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