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Context: Serum biomarkers may allow for the early identi-
fication of posttraumatic osteoarthritis after anterior cruciate
ligament (ACL) injury and reconstruction. Homeostasis of
matrix-metalloproteinase-3 (MMP-3) and type Il collagen turn-
over biomarkers (C2C:CPII ratio) is believed to be compromised
in individuals with ACL injury, yet the influence of sex, body
mass index (BMI), and age on these biomarkers before and after
ACL reconstruction remains unknown.

Objective: To determine the relationship of sex, BMI, and
age with serum levels of MMP-3 and C2C:CPIl before and after
ACL reconstruction.

Design: Descriptive laboratory study.

Setting: Laboratory.

Patients or Other Participants: Thirty-two (females = 18,
males = 14) individuals with ACL injuries.

Main Outcome Measure(s): Demographic variables and
blood samples were collected before surgery and at return to
activity. Serum was extracted from the blood and assays were
used to quantify MMP-3 and C2C:CPIl. Generalized linear

mixed-effects regression models were used to assess the
relationships between sex, BMI, age, time, and participant on
the outcome variables.

Results: A significant time X sex interaction was identified for
MMP-3 levels (P =.021), whereby MMP-3 levels were higher in
males at return to activity (males, 2.71 = 0.59 ng/mL; females,
1.92 = 0.60 ng/mL; P = .017). Males also had higher MMP-3
levels at return to activity when compared with presurgery levels
(P=.009). A main effect for age demonstrated that older age was
associated with higher MMP-3 levels. No significant main or
interaction effects were noted for C2C:CPII levels.

Conclusions: Upregulation of MMP-3 serum levels may
occur after ACL reconstruction, particularly in males, which may
have deleterious consequences for the cartilage matrix. Sex,
BMI, and time did not influence C2C:CPII ratios, but further
research with larger sample sizes is needed to confirm these
findings.
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population with ACL injury.

Key Points

» Changes in matrix-metalloproteinase-3 (MMP-3) serum levels may be upregulated after anterior cruciate ligament
(ACL) reconstruction, particularly in males, which may have deleterious consequences for the cartilage matrix.
e Accordingly, it may be necessary to account for the roles of sex, age, and time when examining MMP-3 levels in the

» Notably, body mass index did not influence MMP-3 or type Il collagen turnover (C2C:CPII ratio) serum levels before
or after ACL reconstruction in our small sample of patients.

nterior cruciate ligament (ACL) rupture is a
A common knee injury, resulting in more than

175000 reconstructive surgeries each year in the
United States.! After ACL injury, and despite ACL
reconstruction, individuals are at an increased risk for
developing posttraumatic osteoarthritis (PTOA); 50% of
individuals develop PTOA within 20 years of the initial
injury.? Demographics such as sex and body mass index
(BMI) are identified risk factors for the development of
PTOA.? Nonetheless, how sex and BMI influence the onset
and progression of PTOA after ACL injury remains unclear
due to the incomplete understanding of the mechanisms
contributing to PTOA and the limited sensitivity of
validated measures, such as radiographs, for detecting and
monitoring early osteoarthritic changes.*

A promising approach for assessing early PTOA changes
is to measure blood-derived biomarkers, as blood is a
highly dynamic tissue® sensitive to acute biochemical
changes that may be valuable for early detection and
monitoring of the cartilage changes associated with joint
disease.® Common blood-derived biomarkers used to assess
cartilage status in the population with ACL injury include
matrix-metalloproteinase-3 (MMP-3), an enzyme responsi-
ble for signaling degradation of extracellular matrix
substrates (eg, proteoglycans and collagens),” and type 11
collagen turnover ratio (C2C to CPII biomarker turnover
ratio [C2C:CPII]), which indicates the relationship between
type II collagen production and breakdown. After ACL
injury, MMP-3 levels increase as soon as 1 day postinjury
and can remain elevated for up to 10 years when compared
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Table 1. Participants’ Demographic Information Before Anterior Cruciate Ligament Reconstruction and at Return to Activity
Time
Before Reconstruction Return to Activity
Mean = SD Mean = SD

Characteristic Females (n = 18) Males (n = 14) P Value Females (n = 18)2 Males (n = 14)° P Value
Age, y 16.30 = 2.30 16.90 + 3.25 .566 16.95 = 2.25 17.42 = 3.17 .641
Body mass index, kg/m? 23.70 + 4.62 26.20 + 4.82 143 24.00 = 4.92 27.30 = 4.79 .068
Time since surgery, mo NA NA NA 9.01 = 1.89 8.12 + 1.34 132
Tegner Activity Scale score® 9.00 = 0.97 9.29 + 1.07 442 717 = 1.86 721 £2.15 .948

Abbreviation: NA, not applicable.

@ Females’ anterior cruciate ligament graft types: quadriceps tendon = 2, bone-patellar tendon-bone = 14, hamstrings = 2.
b Males’ anterior cruciate ligament graft types: quadriceps = 1, bone-patellar tendon-bone = 9, hamstrings = 4.

¢ Tegner Activity Scale scores were self-reported.

with healthy control individuals.>'® Type II collagen
turnover ratios were lower 2 years after ACL injury
compared with preinjury levels and with healthy control
participants.!' Notably, these acute and chronic biomarker
changes indicate disruption to metabolic homeostasis that is
characteristic of osteoarthritic cartilage.'? Thus, given their
sensitivity to the ACL injury event and their ability to
reflect metabolic changes in the cartilage, MMP-3 and type
Il turnover may be useful biomarkers for identifying
individuals at an increased risk for early-onset PTOA after
ACL injury and reconstruction.

When assessing biomarkers such as MMP-3 and type II
collagen turnover after ACL injury, researchers®'? typically
accounted for the role of demographic variables such as sex
or BMI. Accounting for sex and BMI is crucial, as
biomarker responses may vary based on these factors and,
ultimately, may influence the direction and magnitude of
metabolic changes after ACL injury and reconstruction. For
example, higher BMIs were moderately associated with
elevated type II collagen turnover in females, but not in
males, an average of 48 months after ACL reconstruction,
thus suggesting a differential response in females with
higher BMI versus females with lower BMI or males after
ACL reconstruction.'* Sex and BMI also influenced the risk
of developing PTOA, with female and obese individuals at
higher risk (odds ratios = 1.2 and 1.4, respectively) for
PTOA within 5 years after ACL reconstruction.> Hence, it
is plausible that differential metabolic responses associated
with sex and BMI may contribute to the increased risk of
early-onset PTOA in females and individuals with high
BMI. Earlier authors'>'* only identified an association
between sex and BMI with biomarker concentrations but
did not quantify how sex and BMI may alter biomarker
concentrations. Therefore, it is important to directly assess
the effects of sex and BMI on blood-derived biomarkers so
we can better understand the role of these demographics in
acute biological changes. This is an important step that may
enable the development of blood-derived biomarkers as a
monitoring tool after ACL reconstruction.

Age is another common demographic factor accounted for
when evaluating biomarker changes, as biomarker levels
tend to change with aging, independent of disease.'> For
example, healthy'® and injured populations'” exhibited age-
related changes in MMP-3 levels: older age corresponded
with higher MMP-3 levels. Studies of individuals after ACL
reconstruction are limited but reflected no association of age
with MMP-3 and type II turnover levels.'* However, age

remained a risk factor for the development of early-onset
PTOA, with older age at the time of injury associated with
earlier development of PTOA.'® Aging-related changes in
biomarkers may compound the biochemical changes asso-
ciated with injury and magnify the risk for developing joint
disease. Thus, examining the influence of age on MMP-3 and
type II turnover levels may be informative in identifying
individuals at risk for early osteoarthritic changes after ACL
injury and reconstruction.

Currently, limited longitudinal research is available on
MMP-3 and type II turnover changes after ACL injury and
reconstruction, with no examinations to date of the influence
of sex, BMI, and age on biomarkers over time. The cross-
sectional nature of previous investigations provided only a
small glimpse of the metabolic changes that occurred after
ACL injury and reconstruction, which may have obscured
valuable information, particularly when comparing individ-
uals with large variations in BMlIs, age, and time since
surgery. In addition, cross-sectional research could not
provide insight into the magnitude and direction of metabolic
changes postsurgery or how changes in modifiable factors,
such as BMI, may have further influenced biomarker
concentrations over time. Although sex and BMI affect the
radiographic signs of osteoarthritis (OA), incomplete
knowledge of the influence of sex and BMI on biochemical
markers of OA has limited the ability of clinicians and
researchers to recognize individuals who may be at risk of
early-onset PTOA before radiographic damage occurs.
Understanding the factors influencing cartilage metabolism
and health may be helpful for early identification of
individuals at high risk for developing PTOA and early
intervention to mitigate the risk of modifiable risk factors
such as BMI. Therefore, the primary purpose of our study
was to determine the relationship of sex and BMI on serum
levels of MMP-3 and C2C:CPII before and after ACL
reconstruction. The secondary purpose was to evaluate the
relationship of sex and age with serum levels of MMP-3 and
C2C:CPII before and after ACL reconstruction.

METHODS
Participants

A total of 32 individuals with a primary unilateral ACL
tear participated in this study (Table 1) and were tested at 2
time points: before ACL reconstruction and when they were
cleared to return to activity. All methods were approved by
the Institutional Review Board at the University of
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Michigan, and all recruits provided informed consent
before data collection began. Participants were eligible if
they (1) were between 14 and 30 years of age, (2) had a
diagnosis of a primary unilateral ACL tear, and (3) were
scheduled to undergo ACL reconstruction by a single
orthopaedic practice. Return-to-activity criteria of the
orthopaedic surgeon required (1) full range of motion; (2)
appropriate joint laxity; (3) no pain, tenderness, or swelling;
(4) successful completion of a leg-press test; and (5)
successful completion of an agility program as described
earlier.'” Participants’ demographic variables are shown in
Table 1.

Body Mass Index

Participant height and weight were determined using a
calibrated stadiometer before surgery and at return to
activity on the days of blood sample collections. Body mass
was calculated using height and weight measurements from
the equation (Weight in kg)/(Height in m)2.

Serum Collection and Immunoassays

Blood samples were obtained before surgery and at return
to activity. Venous blood (approximately 4 mL) was
collected from the antecubital vein, stored in anticoagulant
vacuette tubes (model K2EDTA; Becton, Dickinson and
Co), and centrifuged at 1000g for 10 minutes. The
supernatant (serum) was removed for each sample,
aliquoted (20 pL), and stored at —80°C for batch processing.
Commercially available enzyme-linked immunosorbent
assays (ELISA) kits were used to assess markers of
MMP-3 (Human Total MMP-3 Quantikine ELISA Kit;
R&D Systems), C2C (Collagen Type II Cleavage Assay;
IBEX Technologies, Inc), and CPII (Collagen Type II
Synthesis Assay; IBEX Technologies, Inc) serum concen-
trations.”’®?> Serum levels were expressed as ng/mL.
Concentrations of C2C and CPII were determined individ-
ually and used to calculate the type II collagen turnover
ratio (degradation [C2C] to synthesis [CPII]) before
analysis. All assays were performed in duplicate for
standards and unknowns, with intra-assay and interassay
variability <10%.

Statistical Analysis

We analyzed the longitudinal data using the statistical
software R (version 3.6.1; R Foundation for Statistical
Computing). Normality of dependent variables was as-
sessed using quantile-quantile plots and the Shapiro-Wilk
test. Biomarker data for MMP-3 and type Il turnover were
nonnormally distributed and transformed using the natural
log and then further assessed to remove influential points
using Cook distances. We computed generalized linear
mixed-effects regression models to assess the relationships
of sex, BMI, time, and participant with the outcome
variables (Inf[MMP-3] and In[C2C:CPII]). Sex, BMI, and
time were treated as fixed effects and participant as a
random effect. Time was treated as a categorical variable:
T1 for baseline and T2 for return to activity. When
variables included in the model were significant, post hoc
analyses were performed using Tukey pairwise compari-
sons. In addition, a secondary analysis was conducted to
assess the relationship between sex, age, time, and

participant and the outcome variables (Inf[MMP-3] and
In[C2C:CPII]). Sex, age, and time were treated as fixed
effects and participant as a random effect.

Standardized effect sizes were calculated for all variables
using Cohen f2. Cohen f? is defined by Equation 1 in a
regression model, where R? is the coefficient of determi-
nation:

R2
r=r (1)

Effect sizes were interpreted according to the following
standard values: /> > 0.02, small; f* > 0.15, medium; and

f? > 0.35, large.”® All tests were considered significant at

an o level of P < .05.

RESULTS
Participants

A total of 32 individuals with ACL reconstruction
participated and completed the current study (females =
18, males = 14). The average time from injury to the first
blood draw was 5.95 = 5.11 days and before reconstruc-
tion. The average time from injury to the second blood
draw was 282 *= 53 days and after reconstruction at the
time of return to activity.

Matrix-Metalloproteinase-3

A significant time X sex interaction was found for MMP-
3 levels with a medium effect size (Table 2). Males
demonstrated higher levels at return to activity (females =
1.92 £ 0.60 ng/mL, males =2.71 £ 0.59 ng/mL, P=.017;
Figure 1). No difference was noted in MMP-3 levels
between females and males before surgery (females = 1.87
* 0.63 ng/mL, males = 2.35 £ 0.62 ng/mL, P =.18). The
MMP-3 levels in males also increased from baseline to
return to activity (P = .009), while no such increase was
seen in females (P = .77). Body mass index did not
influence MMP-3 levels (Table 2).

The secondary analysis showed a significant time X sex
interaction for MMP-3 levels (Table 3), consistent with the
primary analysis. In addition, the secondary analysis
revealed a significant main effect for age (Table 3), with
older ages associated with higher MMP-3 levels. No
significant interactions were observed for age with sex or
time (Table 3).

Type Il Collagen Turnover

No significant main effects for sex, BMI, or time were
observed for C2C:CPII (Table 2). Females displayed an
average type Il turnover concentration of —1.71 = 0.21
before surgery and —1.71 = 0.35 at return to activity. Males
had an average type II turnover concentration of —1.80 =
0.14 before surgery and —1.79 = 0.18 at return to activity.
(Figure 2). The secondary analysis demonstrated no
significant main effect for sex, age, or time for C2C:CPII
levels (Table 3).

DISCUSSION

The primary purpose of our study was to determine the
effects of sex and BMI on serum levels of MMP-3 and
C2C:CPII after ACL injury and at return to activity. We

480 Volume 57 ® Number 5 e May 2022

$S900E 93l) BIA §1-90-GZ0Z e /woo Alooeignd-poid-swiid-yiewlayem-jpd-awiid//:sdiy woly papeojumoq



Table 2.

Effect Sizes and 95% Cls for Each Variable in the Statistical Model for Matrix-Metalloproteinase-3 and Type Il Collagen Turnover

Ratio
Matrix-Metalloproteinase-3 Type Il Collagen Turnover Ratio

Variable Effect Size (Cohen f2)? 95% CIP P Value® Effect Size (Cohen f?) 95% ClI P Value
Time 0.37 0.03, 1.04 .005 0.00 0.00, 0.11 .903
Sex 0.30 0.03, 0.86 .005 0.07 0.00, 0.40 155
BMI 0.03 0.00, 0.32 374 0.02 0.00, 0.29 471
Time X sex interaction 0.23 0.00, 0.78 .021 0.00 0.00, 0.14 .859
Time X BMI interaction 0.05 0.00, 0.37 .266 0.15 0.00, 0.63 .062
Sex X BMI interaction 0.00 0.00, 0.37 973 0.04 0.00, 0.35 .335
Time X sex X BMI interaction 0.03 0.00, 0.32 .356 0.11 0.00, 0.54 104

Abbreviation: BMI, body mass index.

a According to the Cohen (1998) guidelines for effect sizes,?® f2 > 0.02 represents small; f2 > 0.15, medium; and 2 > 0.35, large.

® Because f2 cannot be negative, Cls > 0.
¢ P < .05 indicates a significant effect.

found that MMP-3 was related to sex but not to BMI. The
collagen turnover ratio was not influenced by sex or BMI,
which conflicted with our initial hypothesis. A secondary
purpose was to determine the effects of age on MMP-3 and
C2C:CPII levels. Older age resulted in greater serum levels
of MMP-3 but not C2C:CPIIL.

Matrix-metalloproteinase-3 is responsible for signaling
degradation of extracellular matrix substrates and theorized
to be a measure of cartilage destruction,** with a growing
body of evidence suggesting that MMP-3 levels are
elevated after ACL injury.”'® However, whether MMP-3
levels changed over time from ACL injury to ACL
reconstruction and whether MMP-3 changes depended on
factors such as sex and BMI was unclear. Our study
provided evidence for increased MMP-3 levels in males
after ACL reconstruction compared with before reconstruc-

Female Male

21 -

Logarithmic Transform of MMP-3 (In(MMP-3))

Pr'eop R'i'A Prveop R'i'A
Time

Figure 1. Boxplots depicting the data for the logarithmic transform
of matrix-metalloproteinase-3 (MMP-3) separated by sex at 2 time
points: (1) preoperative (preop) and (2) at return to activity (RTA).
Boxes represent the interquartile range (IQR) between the 25th and
75th percentiles. The black horizontal line inside each box
corresponds to the median. Whiskers represent the lowest and
highest values within 1.5 times the IQR from the 25th and 75th
percentiles, respectively. Black dot represents a data point that
falls outside of the IQR.

tion. In addition, both sex and time influenced MMP-3
levels, with higher MMP-3 levels in males than females
only at return to activity. These findings suggested that
MMP-3 serum levels continued to be upregulated after
ACL reconstruction, particularly in males, which may have
had deleterious consequences for the cartilage matrix and
could have placed them at more risk for the development of
PTOA. Additional research examining the ratio of MMP-3
levels relative to tissue inhibitors of metalloproteinases
(TIMPs), which help regulate MMP-3 levels, would be
valuable to ascertain if the increase in MMP-3 level is
accompanied by a corresponding change in TIMPs activity.
Furthermore, collecting biomarker levels beyond return to
activity may help elucidate whether MMP-3 levels continue
to be altered once patients are back to activity and in the
period leading up to PTOA development. With this
information, the role of MMP-3 expression in the
development of PTOA can be better understood; potential-
ly, interventions aimed at modifying the expression of
MMP-3 could be used after ACL injury and reconstruction,
particularly in males, to delay or prevent the development
of PTOA.

We did not identify an effect of BMI on MMP-3 levels,
which was consistent with a previous finding!® that BMI
was not a covariate of MMP-3 levels at 6 months after ACL
reconstruction. Given that BMI did not appear to influence
MMP-3 levels in other injured populations,>-*® this
outcome was not unexpected. Thus, it is possible that
BMI did not influence expression of MMP-3 levels after
ACL reconstruction. However, it is also possible that BMI
influenced MMP-3 levels but that our sample size was too
small and inadequate for detecting differences. Because of
the small effect size (/2 = 0.03), we contend that this was
unlikely, but additional research with larger sample sizes is
necessary to confirm our findings.

In addition to the effects of sex and time, our secondary
analysis revealed a significant main effect of age on
MMP-3 levels: older age was associated with an increase
in MMP-3 serum levels. However, the current findings
conflicted with another study'® of patients with ACL
reconstruction in which age was not a significant covariate
of MMP-3 levels. The conflicting results were surprising,
as previous investigators observed that older age was
associated with higher MMP-3 levels in healthy?’ and
injured populations,'® similar to our findings. Given the
relatively young participant age of the current and former
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Table 3. Secondary Analysis of Effect Sizes and 95% CI for Effect Sizes of Each Variable in the Statistical Model for Matrix-

Metalloproteinase-3 and Type Il Collagen Turnover Ratio

Matrix-Metalloproteinase-3

Type Il Collagen Turnover Ratio

Variable Effect Size (Cohen f2)2 95% CIP P Value® Effect Size (Cohen f?) 95% ClI P Value
Time 0.35 0.03, 0.97 .004 0.00 0.00, 0.10 .908
Sex 0.38 0.04, 0.86 .003 0.07 0.00, 0.41 176
Age 0.19 0.00, 0.67 .029 0.03 0.00, 0.30 .357
Time X sex interaction 0.24 0.01, 0.76 .016 0.00 0.00, 0.12 .869
Time X age interaction 0.04 0.00, 0.32 315 0.00 0.00, 0.00 .989
Sex X age interaction 0.06 0.00, 0.39 .195 0.00 0.00, 0.14 .826
Time X sex X age interaction 0.00 0.00, 0.20 .664 0.04 0.00, 0.34 .305

a According to the Cohen (1998) guidelines for effect sizes,?® 2 > 0.02 represents small, f2 > 0.15, medium; and f2 > 0.35, large.

b Because f2 cannot be negative, Cls > 0.
¢ P < .05 indicates a significant effect.

assessments,'® examining a greater age range would be

valuable for confirming whether MMP-3 serum levels are
age dependent in individuals with ACL reconstruction.
Regardless, our results highlighted the importance of
accounting for age when analyzing MMP-3 serum levels
in those with ACL reconstruction.

Changes in type II turnover are a growing area of
research, with evidence suggesting that collagen turnover
may be disrupted after ACL reconstruction. The disruption
to collagen turnover homeostasis may also be influenced by
factors such as sex and BMIL,'* which are known risk factors
for early-onset PTOA.> We found no significant effect of
sex, BMI, or time on type II turnover, an outcome that was
inconsistent with earlier work'* indicating that more type 11
turnover was associated with higher BMIs in women after
ACL reconstruction. One likely explanation for the
conflicting findings was the different times that biomarkers
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Figure 2. Boxplots depicting the data for the logarithmic transform
of collagen type Il turnover (C2C:CPIl) serum levels separated by
sexes at 2 time points: (1) preoperative (preop) and (2) at return to
activity (RTA). Boxes represent the interquartile range (IQR)
between the 25th and 75th percentiles. The black horizontal line
inside each box corresponds to the median. Whiskers represent the
lowest and highest values within 1.5 times the IQR from the 25th
and 75th percentiles, respectively. Black dots represent data points
that fall outside of the IQR.

were collected after ACL reconstruction (current study =
9.29 + 1.71 months, previous study'® = 483 + 382
months). Earlier researchers®® reported that time after ACL
reconstruction was covariate for type II turnover ratios,
with less type II turnover associated with greater time since
reconstruction. Given that PTOA appeared to become more
prevalent >5 years after ACL reconstruction, it was
possible that sex- and BMlI-related differences did not
become apparent until longer after reconstruction. Another
possible explanation for the different findings may have
been that few of our participants were in the obese category
(BMI > 30.0. However, we believed this was unlikely to
explain the differences between our results and those of
Lane et al,'* as both samples were in similar BMI ranges
(current study = 18.08-38.63 kg/m?, Lane et al'* = 19.43—
39.47 kg/m?) and had similar mean BMIs (current study =
25.15 £ 4.91 kg/m?, Lane et al'* = 25.6 = 4.2 kg/m?).
Thus, we concluded that BMI may not be a significant
factor in type II turnover levels, which was consistent with
other research in individuals after ACL reconstruction.'?
Yet BMI may not be the most appropriate measure for
assessing the relationship between biomarker levels and
obesity, particularly in physically active individuals in the
ACL-injured population, as it can identify muscular
individuals as obese?” and is an indirect measure of
adiposity. Accordingly, other factors such as body fat
percentage, level of physical activity, or percentage
increase in BMI may be more related to type II turnover.
Further research with additional time points and validated
OA measures may provide more insight into the compli-
cated relationship among sex, BMI, and type II turnover
and the effect on long-term joint health after ACL
reconstruction.

Finally, the secondary analysis demonstrated no signif-
icant effect for sex, age, or time on type II turnover levels
before or after ACL reconstruction. Our primary analysis
indicated no effect for sex or time on type II turnover
levels, so it is not unexpected that the secondary analysis
confirmed our initial findings. In addition, our results
regarding the effect of age were consistent with those of a
previous investigation'® of individuals 6 months after ACL
reconstruction. Our results were also confirmed in earlier
work with a larger age range,*® which suggested that type II
turnover levels were not age dependent and may not have
required methodologic accounting for this variable. How-
ever, additional research adequately powered for age is
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needed to confirm whether age influences type Il turnover
before and after ACL reconstruction.

This work was not without limitations. We chose to use
blood-derived biomarkers for their clinical utility and cost
effectiveness. Nonetheless, we acknowledge that blood
biomarkers do not reflect changes occurring solely at the
knee but represent systemic changes. Additional metrics
that are more sensitive to smaller changes, such as synovial
samples, should be used to confirm the current findings.
Also, as mentioned earlier, our results may have been
limited by the relatively small sample size. Further,
although we denoted moderate-to-large effect sizes for
MMP-3 (time and time X sex), the Cls for these values were
wide and spanned a range of small-to-large effects,
suggesting that the magnitude or precision (or both) of
the effects of time and time X sex on MMP-3 were less
clear. The wide CIs were likely attributable to our smaller
sample size, as the precision of Cls is better with larger
samples, but could also suggest that time and time X sex
effects on MMP-3, which we interpreted as statistically
significant or different based on P values, may not have
been related to the sample size. Future investigations with
larger sample sizes are necessary to provide additional
insight into the influence of factors such as sex, BMI, and
time on biomarker concentrations after ACL reconstruction.

CONCLUSIONS

Males demonstrated higher MMP-3 levels than females at
return to activity. Their serum levels increased from before
surgery to return to activity. However, MMP-3 levels did
not increase over time in females. A secondary analysis
confirmed these findings and revealed that older age was
associated with higher MMP-3 levels. In addition, neither
sex nor BMI influenced the turnover ratio in individuals
with ACL reconstruction. Accordingly, sex and age should
be considered when assessing MMP-3 concentrations after
ACL injury and reconstruction. Further longitudinal
research is needed to investigate the influence of sex,
BMI, and age on blood and synovial biomarkers concur-
rently to gain a deeper understanding of the factors that
influence biomarkers after ACL reconstruction.
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