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Abstract

Objective: Biochemical joint changes contribute to posttraumatic osteoarthritis (PTOA)
development following anterior cruciate ligament reconstruction (ACLR). The purpose of this
longitudinal cohort study was to compare tibiofemoral cartilage composition between ACLR
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patients with different serum biochemical profiles. We hypothesized that profiles of increased
inflammation (monocyte chemoattractant protein-1 [MCP-1]), type-I1 collagen turnover (type-II
collagen breakdown [C2C]:synthesis [CPII]), matrix degradation (matrix metalloproteinase-3
[MMP-3] and cartilage oligomeric matrix protein [COMP]) preoperatively to 6-months post-
ACLR would be associated with greater tibiofemoral cartilage T1p relaxation times 12-months
post-ACLR.

Design: Serum was collected from 24 patients (46% female, 22.1+4.2 years old, 24.0+2.6 kg/m?
body mass index [BMI]) preoperatively (6.4+3.6 days post injury) and 6-months post-ACLR. T1p
Magnetic Resonance Imaging (MRI) was collected for medial and lateral tibiofemoral articular
cartilage at 12-months post-ACLR. A &-means cluster analysis was used to identify profiles based
on biomarker changes over time and T1p relaxation times were compared between cluster groups
controlling for sex, age, BMI, concomitant injury (either meniscal or chondral pathology), and
Marx Score.

Results: One cluster exhibited increases in MCP-1 and COMP while the other demonstrated
decreases in MCP-1 and COMP preoperatively to 6-months post-ACLR. The cluster

group with increases in MCP-1 and COMP demonstrated greater lateral tibial (adjusted
mean difference=3.88, 95% confidence intervals [1.97-5.78]) and femoral (adjusted mean
difference=12.71, 95% confidence intervals [0.41-23.81]) T1p relaxation times.

Conclusion: Profiles of increased serum levels of inflammation and matrix degradation markers
preoperatively to 6-months post-ACLR are associated with MRI changes consistent with lesser
lateral tibiofemoral cartilage proteoglycan density 12-months post-ACLR.

Keywords
Magnetic Resonance Imaging; Biomarkers; Posttraumatic Osteoarthritis; T1rho

INTRODUCTION

Approximately 50% of individuals who sustain an anterior cruciate ligament (ACL)

injury and undergo ACL reconstruction (ACLR) will develop radiographic post-traumatic
osteoarthritis (PTOA) within 20 years following injury.! Both ACL injury and surgical
ACLR represent separate traumatic events capable of initiating an inflammatory response?
which, in some patients, may lead to a deleterious change in joint tissue metabolism that
contributes to PTOA development.® Previous animal models and ex vivo experiments have
demonstrated the association between biochemical joint changes and articular cartilage
breakdown: 4% yet, the early biochemical changes associated with PTOA development
following ACL injury in humans remain less clear. Individual synovial fluid concentrations
of biomarkers related to inflammation and cartilage breakdown collected within the first 2
weeks following ACL injury were not associated with radiographic PTOA onset at a 16-year
follow-up exam.’ Conversely, biochemical profiles constructed from multiple synovial fluid
biomarkers collected during a single time point following ACL injury (63.9+27.1 days)8
were found to predict magnetic resonance imaging (MRI) outcomes of articular cartilage
composition. Specifically, ACL injured individuals demonstrating greater synovial fluid
sulfated glycosaminoglycan (SGAG) concentrations were more likely to exhibit altered
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articular cartilage composition within one to three years following ACLR compared to
those demonstrating profiles exhibiting greater inflammation (i.e. interleukin [IL]) and
enzymes related to matrix degeneration (i.e. matrix metalloproteinase [MMP]).8 Therefore,
identifying biochemical profiles from the clusters of multiple biomarkers linked to various
biochemical processes may be a powerful approach for early identification of patients who
are most likely to develop early changes in articular cartilage composition.

Previous research has only evaluated synovial fluid biochemical profiles from a single

time point collected prior to ACLR (i.e. on average nine weeks following ACL injury)

for associations with altered articular cartilage composition.8 Conversely, changes in serum
biomarker concentrations collected over multiple assessments has been demonstrated to be
a more robust predictor of incident idiopathic osteoarthritis onset compared to biomarker
concentrations collected at a single timepoint.® Therefore, it is important to determine if
serum biomarker profiles, developed from changes in concentrations before and after ACLR
associate with changes in articular cartilage composition.

There is considerable evidence that increased inflammation signals degenerative processes
that result in articular cartilage matrix degeneration consisting of articular cartilage
proteoglycan depletion and type-ll collagen turnover.210:11 Monocyte chemoattractant
protein-1 (MCP-1) is a chemokine associated with osteoarthritis pathogenesis'Z and IL-6
upregulation3 which is known to stimulate chemotaxis during the initial phases of
inflammation promoting the migration of monocytes.1# Serum MCP-1 concentrations are
higher in patients with knee osteoarthritis'® and patients with higher concentrations of
serum MCP-1 are two times more likely to demonstrate knee osteoarthritis progression
over 5 years.16 MMP-3 is a degenerative enzyme associated with the degradation of
extracellular articular cartilage matrix1” which is also up-regulated by the inflammatory
process8 and increases within the first 6 months post-ACLR.1® Cartilage oligomeric
matrix protein (COMP) is extracellular matrix glycoprotein that binds to aggrecan, a key
proteoglycan of articular cartilage, and is considered a biomarker of matrix degradation.2°
Both greater serum MCP-1 and COMP have been demonstrated in the first year following
ACLR compared to uninjured controls®21 and COMP is associated with higher risk

of developing knee osteoarthritis.22 Type 11 collagen provides tensile strength to the
extracellular articular cartilage matrix and the ratio of type-Il collagen breakdown (C2C)
relative to type-11 collagen synthesis (CPII) is estimated with a biomarker of type-11 collagen
turnover (C2C:CPII). Identifying biochemical profiles from using combinations of the
aforementioned biomarkers would contribute to the understanding of how various processes
related to joint tissue metabolism may contributed to the development of PTOA following
injury.

Magnetic Resonance Imaging (MRI) has been utilized to estimate /7 vivo changes in
cartilage composition.23:24 T1p relaxations times are sensitive to proteoglycan density24
and lesser proteoglycan density of the tibiofemoral articular cartilage is consistent with
early compositional features related to osteoarthritis development.23 Differences in T1p
relaxations times exist as early as 12 months post-ACLR in the articular cartilage of lateral
and medial tibiofemoral condyles in the ACL injured limb compared to the contralateral
limb2° and the limbs of healthy controls.26 Despite the well-supported evidence of
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deleterious joint tissue metabolism as a contributor to PTOA onset, the association between
serum biochemical biomarker profiles over the first 6 months post-ACLR and later measures
of MRI T1p relaxation times in tibiofemoral articular cartilage remains unclear.

The purpose of this study was to identify serum biochemical profiles by establishing cluster
groups of individuals based on the changes in concentrations of serum MCP-1, MMP-3,
COMP, and CPII:C2C preoperatively to 6 months post-ACLR. Furthermore, we compared
tibiofemoral articular cartilage composition (i.e. T1p relaxation times) at 12 months post-
ACLR between cluster groups with different biochemical profiles based on changes in serum
biomarkers preoperatively to 6 month post-ACLR. We hypothesized that the cluster group
with increased biomarker concentrations of MCP-1, MMP-3, COMP, and CPI1:C2C between
the preoperative and 6 months post-ACLR visits would demonstrate greater T1p relaxation
times at 12 months post-ACLR.

METHODS

The current study was part of a prospective, longitudinal cohort study that included
individuals who presented to the orthopedic clinic within 15 days of ACL injury
(preoperative visit; days between injury and preoperative visit=6.4+3.6) and elected to
undergo ACLR (days between injury and surgery=27.7+13.6). We only included individuals
that attended the preoperative visit, as well as both the 6 and 12 month follow-up visits.
Serum samples were collected at the preoperative visit and 6 months post-ACLR, and T1p
MRIs were collected at 12 months post-ACLR. Serum samples were analyzed following
the 6 month visit and participants were assigned to cluster profiles retrospectively. Patient
reported outcomes were also collected at 6 months post-ACLR and reported as part of

the participant demographics to help characterize the cluster groups when the final serum
samples were collected. This study was approved by the Institutional Review Board at the
University of North Carolina at Chapel Hill and all participants provided written, informed
consent at the beginning of the study.

Participants

Participants were recruited from the orthopedic clinic at the University of North Carolina at
Chapel Hill and treated by one of three fellowship trained orthopedic surgeons. We included
individuals between the ages of 16 and 35 years old who were diagnosed at the preoperative
visit with an ACL injury. As part of the prospective study, we excluded individuals who
were not planning to undergo ACLR, required surgical reconstruction or repair of more than
one ligament, or had previously been diagnosed with inflammatory arthritis. Participants
were excluded from MRI testing if they had claustrophobia. Additionally, we excluded all
individuals who were pregnant or planning on becoming pregnant over the course of 12
months. For purpose of the current analysis, we also excluded those with a previous history
of ACL injury or ACLR in either limb or failed to attend both follow-up visits at 6 and

12 months post-ACLR (Figure 1). Comparisons of pre-operative characteristics between
participants included and excluded from the analysis are reported in Supplementary Table 1.
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Surgical Procedure and Rehabilitation

All participants underwent the same arthroscopic assisted single incision ACLR using a
patellar tendon autograft procedure as previously described.25 Femoral and tibial tunnels
were created by drilling into the lateral wall of the femoral intercondylar notch and drilling
a pin into tibial through an infra-medial arthroscopic portal. Proximal and distal bone plugs
of the patellar tendon were affixed to the femur and tibia with mental interference screws.
The patellar tendon autograft was tensioned in 5° of knee flexion. Concomitant injuries were
documented by the surgeon at the time of ACLR and are described in the results. After
ACLR, surgeons referred participants for supervised rehabilitation by a licensed physical
therapist or athletic trainer. The rehabilitation program consisted of six structured phases
starting within the first week after ACLR and continuing for 6 to 9 months.2’

Joint Tissue Metabolism (Collection and Processing of Serum-Biomarkers)

Blood samples were collected from the antecubital fossa of participants preoperatively

and at 6 months post-ACLR. Blood samples were placed in a centrifuge 30 minutes after
collection to allow for separation of serum and aliquoted into cryovials and freezer-stored at
—-80° C. Commercial enzyme-linked immunosorbent assays (ELISA) were used to assess
for biomarker concentrations of MCP-1, MMP-3, and COMP (ng/mL; R&D Systems,
Minneapolis, MN, USA) and C2C:CPII (ug/ml; IBEX Technologies, Inc. Montréal, Québec,
Canada) in a batch analysis after the completion of data collection. Serum biomarkers

were pre-determined for analysis inclusion due to their associations with osteoarthritis
development.15:16.22 Assay detection sensitivities (mean minimal detectable dose [MDD])
were reported as: MCP-1=1.7 pg/ml, MMP-3=0.009 ng/ml, COMP=0.01 ng/ml, C2C=10
ng/ml, and CPI1=35 ng/ml. Assays were performed in duplicate for standards and unknown
serum samples and all assays demonstrated less than 10% inter- and intra- assay variability
(Supplementary Table 2). All samples were greater than the lower limits of detection. A
type-I1 collagen degradation to synthesis ratio type-11 (C2C:CPII) was calculated from C2C
and CPII concentrations in order to estimate type-11 collagen turnover (collagen turnover

= C2C/CPI1).28 Greater concentrations of MCP-1, C2C:CPIl, COMP, and MMP-3 were
interpreted as greater inflammation, type-11 collagen turnover, and matrix degradation,
respectively.

Patient Reported Outcomes

Participants completed the Knee Injury and Osteoarthritis Outcome Score (KOOS)2° and
Marx Activity Scale30 surveys preoperatively and 6 months post-ACLR to assess self-
reported knee function (i.e. related to pain, symptoms, activities of daily living, sport, and
quality of life) and level of physical activity, respectively. Higher scores on the KOOS and
the Marx Activity Scale indicate better self-reported knee function and greater levels of
activity.

Articular Cartilage Composition

MRI Acquisition—Participants were seated for 30 minutes with knees extended prior to
the MRI data collection session to minimize the effect of loading on knee cartilage. MRI
images were collected in the ACLR limb using a Siemens Magnetom TIM Trio 3-T scanner
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and a 4-channel Siemens larger flex coil (516 x 224 mm; Siemens Munich Germany) or a
Siemens Magnetom Prisma 3-T Powerpack scanner with a XR 80/200 gradient coil (60 x
213 cm; Siemens). Our laboratory has previously reported excellent inter-scanner reliability
of the medial (ICC, 1=0.99) and lateral (ICC; 1=0.96) tibiofemoral compartments of six
knees.31 An MRI T1p sequence was used at a three-dimensional fast low-angle shot with a
spin lock power of 500 Hz at five different spin lock durations (0, 10, 20, 30, 40 ms) and

a voxel size of 0.8 mm x 0.4 mm x 3 mm (field of view=288 mm, slice sequence=3.0 mm,
repetition time=9.2 ms, 160 x 320 matrix, gap=0 mm, flip angle=10°, echo-train duration
time=443 ms, phase encode direction of anterior/posterior).3! The five-image sequences
were used to calculate a voxel by voxel T1p map with an in-house Matlab program (Matlab
R2014 Mathworks, Natick, MA, USA).

T1p Relaxation Time Quantification and Articular Cartilage Segmentation—The
articular cartilage from the medial and lateral condyles of the tibia and femur were manually
segmented using ITK-SNAP software32 from the first image collected from the 0-ms spin-
lock duration. Our laboratory has previously establish excellent intra- (ICC=0.80-0.97) and
inter-segmentor reliability (ICC=0.75-0.98) for manual segmentation of medial and lateral
tibial and femoral condyles.2> Anatomical accuracy of the segmentations were confirmed by
a fellowship trained radiologist (DN). Weightbearing tibiofemoral regions of interest, used
for analysis, were defined in the sagittal plane as articular cartilage residing between the
posterior edge of the posterior horn of the meniscus and the anterior edge of the anterior
horn of the meniscus, as previously described (Figure 2).25

A customized Matlab program (MatLab R2014b (8.4.0) MathWorks, Natick, MA) was used
to create voxel-by-voxel T1p relaxation maps (Figure 2) using the five-image sequence
using the equation (TSL = duration of spin-lock time, Sp= signal intensity when TSL equals
0, S = signal intensity):

S(TSL) = Soexp( —TSL )

T1pRelaxation Time

The segmented image masks from the 0 ms duration spin lock were transposed over

the T1p image to determine the T1p relaxation times for each region of interest. Mean

T1p relaxation times were calculated using the ITK-SNAP software.32 Involved limb
tibiofemoral articular cartilage T1p relaxation times were calculated for the weight bearing
lateral femoral condyle (LFC), lateral tibial condyle (LTC), medial femoral condyle (MFC),
and medial tibial condyle (MTC) compartments (Figure 2). Greater T1p relaxation times
were interpreted as articular cartilage compartment consisting of lesser proteoglycan
density.24

Statistical Analysis

k-Means Cluster Analysis for Determining Biochemical Profiles—A k-means
cluster analysis was prespecified based on similar analyses utilized in a previous study?®
and used to determine groups with similar biochemical profiles based on changes in serum-
biomarker concentrations from the preoperative visit to 6 months post-ACLR. Z-scores
were calculated for all serum-biomarker change scores in order to reduce the influence of
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differing scale magnitudes between the biomarker concentrations. The process of outlier
removal was preestablished because A-means cluster analyses are sensitive to outliers.33
Therefore, participants with z-scores greater than 3 were identified as outliers and removed
before the A-means cluster analysis.3* Two participants were classified as outliers based

on the z-scores for change in MMP-3 or C2C:CPII ratio concentrations (Figure 1). A
sensitivity analysis was performed to determine cluster groups with the inclusion of the two
participants with outlier data. Using a two-means cluster analysis, a group consisting of the
two participants with outlier data and another group consisting of all other 24 participants
were identified. We deemed these results uninterpretable for group comparisons due to

the small sample size of the cluster group that contained the outliers. Therefore, the two
participants classified as outliers were removed and 24 participants were included in the
final analysis. Silhouette Ranking Measure of mean silhouette coefficients were calculated
and compared between a two-means cluster and three-means cluster analysis of the 24
participants with outliers removed in order to determine the optimal number of clusters used
for our analysis. The silhouette coefficients were categorized as fair for both the two-means
(coefficient =0.26) and three means cluster analysis (coefficient = 0.25);35 therefore, we
used the two-means cluster analysis of the 24 participants to maximize the number of
participants per cluster. Separate independent t-test were used to compare z-score biomarker
changes between final cluster groups. Biomarker changes that were different between groups
were used to characterize the profile of each cluster.

Analysis of Covariance (ANCOVA) to Compare MRI T1p between Biochemical
Profiles—Separate ANCOVAs were also used to compare T1p relaxation times of the
weightbearing compartments of the medial and lateral tibial and femoral condyles (i.e.
global LFC, LTC, MFC, MTC) between cluster assignments. Five covariates including
age3®, sex3’, BMI38, level of physical activity39, and concomitant injuries*® were predefined
as previous research demonstrates that tibiofemoral articular cartilage health is influenced by
these factors. Participants were classified as sustaining or not sustaining either a meniscal or
tibiofemoral chondral injury based on data collected by a single orthopaedic surgeon (JTS)
from the surgical records. The Marx Activity Scale was collected as a measure of physical
activity level because it has previously been utilized as a covariate when estimating the
associations between biochemical biomarkers and articular cartilage composition.8 First, all
covariates were entered into the analysis simultaneously; this was followed by adding cluster
assignment. We reported the change in RZ and unstandardized p’s interpreted as adjusted
mean differences of tibiofemoral T1p relaxation times with corresponding 95% confidence
intervals to compare between cluster groups and estimate associations after accounting for
all covariates. Alpha was set to 0.05 a priori, and no adjustment was made for multiple
testing. Silhouette Ranking Measures were performed using RStudio package “cluster”
(Version 1.2.5033, RStudio, Inc., Boston MA). All other analyses were performed using

the Statistical Package for the Social Sciences software (SPSS, Version 26.0, IBM Corp.,
Somers, NY)

Sample Size Estimation—A previous study demonstrated a moderate association
(R%=0.27) between serum COMP and idiopathic knee osteoarthritis progression.!
Therefore, we estimated a priorithat a sample size of 24 participants would be needed
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to detect a two-tailed statistically significant moderate association (/%2=0.27) between cluster
groups and T1p relaxation times (a=0.05, f=0.80).

Demographics for all participants are reported in Table 1.

k-Means Cluster Profile Groups

The biochemical profile of the first cluster group (n=11) included increases in MCP-1
(0<0.001) and COMP (p<0.001) compared to the second cluster group (n=13) (Figure
3). There were no statistically significant differences in MMP-3 (p=0.17) or C2C:CPII
ratio (p=0.26) between clusters. There were no statistically significant differences in
demographics between cluster groups (Table 1).

Articular Cartilage Composition Associations With k-Means Cluster Profile Groups

Individuals assigned to the first cluster with increased MCP-1 and COMP demonstrated
greater lateral femoral (adjusted mean difference=12.71, AR?=0.18, p=0.04) and lateral tibial
(adjusted mean difference=3.88, AR2=0.40, p=0.001) condyle T1p relaxation times (Table
2) after accounting for age, sex, BMI, concomitant injury or procedure, and Marx Activity
Scale (Table 3). There were no statistically significant differences between k-means cluster
profile groups and involved limb T1p relaxation times in the medial tibial (adjusted mean
difference=1.11, AR2=0.04, p=0.33) and medial femoral (adjusted mean difference=1.85,
AR?=0.02, p=0.58) condyle T1p relaxation times after accounting for all covariates (Table
2). Adjusted and unadjusted B coefficients with 95% confidence intervals of T1p relaxation
times for covariates and cluster group profiles are reported in Table 3 and Supplementary
Table 3, respectively.

DISCUSSION

In this prospective, longitudinal cohort study, we identified two biochemical profiles based
on changes in four different serum biomarkers between a preoperative timepoint and 6
months post-ACLR. Specifically, the first cluster group exhibited a biochemical profile
characterized by increases in MCP-1 and COMP between the preoperative timepoint and 6
months post-ACLR while the second cluster demonstrated decreases in MCP-1 and COMP.
No differences were found for changes in MMP-3 and C2C:CPII ratio between biochemical
cluster groups. Changes in C2C:CPII ratio may not occur until 12 months post-ACLR.1°
Greater concentrations of serum MCP-1 and COMP have been independently associated
with worsening idiopathic OA1622 phut have not been well explored in patient populations
at high-risk for PTOA (i.e. ACL injury and ACLR). In support of our hypotheses, the

first cluster group exhibiting increases in MCP-1 and COMP between the preoperative

and 6 month post-ACLR timepoints demonstrated greater T1p relaxation times (i.e. lesser
proteoglycan density) in the lateral tibiofemoral compartment at 12 months post-ACLR
after controlling for age, sex, BMI, and the Marx Activity Scale as well as presence of

any concomitant meniscal or chondral injury. The identification of biochemical profiles
associated with early worsening tibiofemoral articular cartilage composition may aid
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clinical detection of individuals at elevated risk for PTOA onset and improve therapeutic
targets for pharmacological and non-pharmacological interventions for PTOA prevention
preoperatively and post-ACLR.

Previous work has demonstrated that profiles exhibiting greater synovial biomarker
concentrations of sulfated glycosaminoglycan (i.e. SGAG) on average nine weeks following
ACL injury but prior to ACLR predicted worse medial tibial cartilage composition sensitive
to decreases in proteoglycan density (i.e. greater T1p relaxation times) and type-11 collagen
disorientation (i.e. greater T2 relaxation times) one to three years post-ACLR.8 Therefore,
greater synovial biomarker concentrations of SGAG, which is released into synovial fluid
with cartilage degeneration8 associates with later /7 vivo MRI measures of decreased
proteoglycan density (i.e. greater T1p relaxation times) and diminished type-11 collagen
orientation (i.e. greater T2 relaxation times).2442 Our current study builds upon the results
of Amano et al. 8 by demonstrating associations between increases in serum-biomarkers

of inflammation and matrix degradation within the first 6 months post-ACLR and /n

vivo MRI measures of decreased proteoglycan density 12 months post-ACLR. Amano et
al.8 reported that patients with lower preoperative inflammatory synovial fluid biomarker
profiles demonstrated worse medial cartilage composition. In comparison, participants in
our study had similar MCP-1 biomarker concentrations preoperatively (Supplementary
Figure 1), but participants with profiles of increasing inflammation demonstrated worse
lateral cartilage composition. Our current study suggests that early prolonged or increased
inflammation and matrix degradation between the preoperative and 6 month post-ACLR
timepoints may be potential biological mechanisms contributing to deleterious changes

in lateral tibiofemoral articular cartilage composition following ACL injury, specifically.
We also identified associations between biochemical profiles and cartilage composition

at an earlier and more defined time point of 12 months post-ACLR (370.0+10.0 days)
compared to cartilage composition across a 3-year time period post-ACLR8 suggesting

that biochemical changes may be associated with early changes in cartilage composition
occurring within the first year after surgery. Our study only utilized serum biomarkers
limiting our ability to make conclusions regarding tibiofemoral joint site-specific responses
that can be made with synovial fluid biomarkers. Serum biomarkers may reflect systemic
metabolic processes occurring outside of the involved knee. Regardless, synovial fluid
aspirations may be less accessible for serial assessment following ACLR#3 than venous
blood draws used to collect serum.

Within 12 months post-ACLR, compositional changes occur in the medial and lateral
tibiofemoral compartments.2% We demonstrated that biochemical profiles with increased
MCP-1 and COMP had higher T1p relaxation times in the lateral tibiofemoral cartilage,
which differs from previous work that demonstrated biochemical biomarker associations
in the medial tibial compartment.8 There were notable associations between greater Marx
Activity Scores and greater BMI with greater femoral cartilage T1p relaxation times.
Relationships between activity level and BMI with cartilage composition were expected*4:4°
and controlled for in analyses. Previous work has also demonstrated that higher T1p
relaxation times in the lateral femoral articular cartilage associated with worse patient
reported outcomes 12 months post-ACLR.2> Additionally, traumatic bone marrow edema-
like lesions that occur at the time of ACL injury are known to be most common in the
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lateral tibiofemoral compartment.*® We can speculate that lateral tibiofemoral traumatic
bone marrow edema-like lesions may increase the susceptibility of or reflect early catabolic
changes to the articular cartilage in the lateral tibiofemoral compartment.4” Furthermore,
patients with large bone marrow edema-like lesions post-ACL injury demonstrated a 74%
chance of developing worsening chondral damage five years post-ACLR.#¢ Nearly two-
thirds of the patients in this study presented with concomitant meniscal and/or articular
cartilage injuries in the lateral tibiofemoral compartment at the time of ACLR. The
percentage of participants with meniscal injury, tibiofemoral chondral lesions, and bone
bruises are reported in Supplementary Table 4. Most notably, 82-100% of the participants
with profiles demonstrating increases in inflammation and cartilage degradation sustained
lateral tibiofemoral bone bruises identified based on criteria from the Whole-Organ
Magnetic Resonance Imaging Score*8 by a radiologist (DN) compared to 69-85% of

the participants in the other cluster group. Lateral concomitant injury in our cohort may
contribute to the association found between biochemical profiles and T1p relaxation times
lateral tibiofemoral compartment within the first 12 months post-ACLR and should be
explored in future studies.

The current study demonstrates novel findings regarding biochemical changes and
tibiofemoral articular cartilage composition after ACL injury and ACLR, but some
limitations should be acknowledged to inform future research. Based on our relatively
modest sample size we chose to evaluate two clusters which demonstrated fair cohesion.
Additionally, biochemical profiles developed in the current study did not incorporate

as many individual biomarkers as previous studies assessing the relationships between
joint tissue metabolism and articular cartilage composition.8 Future studies with a larger
group of participants and a broader assessment of joint tissue metabolism from serum
biomarkers will be important for determining more robust biochemical profiles for
predicting cartilage health. Baseline serum biomarkers were collected from participants
excluded from the analysis. Excluded participants demonstrated higher serum MMP-3
concentrations compared to participants included in the analysis (Supplementary Table 1).
While it is not clear how this may affect MMP-3 changes, future studies may consider
including serum MMP-3 as a biomarker of interest. The current study only assessed
tibiofemoral T1p relaxations at a single time point (12 months post-ACLR). Without pre-
operative imaging, the associations between serum biomarkers and changes in tibiofemoral
cartilage composition cannot be determined. It is possible that lateral tibiofemoral T1p
relaxation times were elevated preoperatively or even prior to ACL injury. Future studies
should include multiple MRI assessments at preoperative and post-ACLR time points

to identify the effects of serum biomarker changes on changes in tibiofemoral cartilage
composition.

In conclusion, our results suggest that profiles exhibiting increased concentrations of serum
biomarkers of inflammation and matrix degradation in the first 6 months following ACL
injury and ACLR are likely to exhibit poorer lateral tibiofemoral articular cartilage health at
12 months following ACLR. The current study serves as a hypothesis generating analysis to
identify serum biochemical profiles that associate with potentially early deleterious changes
in articular cartilage matrix composition.
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Figure 2.

T1p relaxation time map of lateral tibiofemoral articular cartilage with manually segmented
weight bearing regions of interest of global lateral femoral condyle and lateral tibial condyle
compartments of a representative participant (Lateral Tibial Condyle T1p relaxation time
=48.0 ms and Lateral Femoral Condyle T1p relaxation time = 48.8 ms). Anterior and
posterior boarders of the global regions of interest in the femur and tibia were identified
based on the anterior edge of the anterior horn of the meniscus and the posterior edge of the

posterior horn of the meniscus.
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Figure 3.

64 patients recruited within 14
days of ACL Injury
January 6, 2014 — May 31, 2016

14 patients excluded due to
previous history of ACLR injury

50 patients included in current
study

Excluded:

« 2 patients declined blood draw
pre-operative or 6-month visit

« 7 patients did not undergo MRI

« 2 patients did not attend 6-
month post-ACLR visit

« 7 patients did not attend 12-
month post-ACLR visit

* 6 patients were lost to follow-
up

26 patients included in initial
analysis

2 patients identified as outliers in

change in MMP3 and C2C:CPll ratio

and excluded

24 patients included in final
analysis
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Data distributions between two cluster profile groups for all serum biomarker outcomes.
Shaded gray = cluster group profile with decreased inflammation and cartilage degradation;

White = cluster group with increased inflammation and cartilage degradation; * =
differences in z-scores between cluster profile groups (p<0.001)
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Associations between Tibiofemoral T1p Outcomes with Cluster Group, after controlling for age, sex, and BMI

Tibiofemoral T1p Outcomes (ms)  Predictor Variables Total RZ2 AR? AR? p-value
Covariates 0.24

Lateral Femoral Condyle (ms)
Cluster Group 0.41 0.18 0.04
Covariates 0.25

Lateral Tibial Condyle (ms) .
Cluster Group 0.65 0.40 0.001
Covariates 0.25

Lateral Tibial Condyle (ms) .
Cluster Group 0.65 0.40 0.001
Covariates 0.33

Medial Femoral Condyle (ms)
Cluster Group 0.37 0.04 0.33
Covariates 0.24

Medial Tibia Condyle (ms)
Cluster Group 0.25 0.02

*
p<.05 from F-statistic testing Change in R2 at p<0.05
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Table 3.
Adjusted B coefficients and 95% confidence intervals of T1p relaxation times for covariates and cluster group
profiles
Lateral Tibia Lateral Femur
Predictor B (95% ClI) p-value B (95% ClI) p-value
Age (years) 0.15 (-0.06 to 0.37) 0.15 -0.11 (-1.42t0 1.21) 0.86
Sex’ 059 (-152t02.70) 056  4.99(-7.93t017.89) 043
BMI (kg/m?) 007 (-0.34t00.48)  0.73 2.48 (-0.03 to 5.00) 0.05
Concomitant Injury? 157 (-15210466) 030  502(-1393t02397)  0.58
Marx Scale 0.19(-0.01t00.38)  0.07 0.73 (~0.49 to 1.95) 0.22
Cluster Group & 3.88(L97105.78)  gooi* 1271(041t02381)  (os*
Medial Tibia Medial Femur
Predictor B (95% CI) p-value B (95% CI) p-value
Age (years) 021(-027t00.68)  0.37 0.13 (-0.30 to 0.57) 052
Sex’ 131(-332t05.94) 056 0.99 (-3.27 t0 5.25) 0.63
BMI (kg/m?) -021(-1.11t0070) 064  -0.33(-1.16t0050) 041
Concomitant Injury? 471 (209101150 016  478(-147t01104) 012
Marx Scale 0.24(-0.20t00.68)  0.26 0.30 (~0.11 t0 0.70) 0.14
111(-310t05.26)  0.58 1.85(-2.02t05.71) 0.33

Cluster Group§

*
indicates associations

where p<0.05

fpositive B indicates higher mean relaxation times for females

'fpositive B indicates higher mean relaxation times for individuals with concomitant meniscal or chondral injury or pathology

§positive B indicates higher mean relaxation times for individuals in the cluster group with increases in inflammation and cartilage degradation
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