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Cumulative Impact Loading and Cartilage Synthesis
Biomarkers May Be Associated With Injury Risk in

Female Collegiate Basketball Players
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Jeb Struder, Ph.D., Margaret Morrissey, Ph.D., Michelle Van Dyke, Ph.D.,

Christian Lattermann, M.D., Janelle Francisco, M.S., A.T.C., and Cory M. Edgar, M.D., Ph.D.
Purpose: To evaluate whether cumulative impact load and serum biomarkers are related to lower-extremity injury and to
determine any impact load and cartilage biomarker relationships in collegiate female basketball athletes. Methods: This
was a prospective longitudinal study evaluating lower-extremity impact load, serum cartilage biomarkers, and injury
incidence over the course of a single collegiate women’s basketball season. Data were collected from August 2022 to April
2023; no other follow-up after the cessation of the season was conducted in this cohort. Inclusion criteria for the study
included collegiate women’s basketball athletes, ages 18 to 25 years, who were noninjured at the start of the study time
frame (August 2024). Cartilage synthesis (procollagen II carboxy propeptide and aggrecan chondroitin sulfate 846 epitope)
and degradation (collagen type II cleavage) biomarkers were evaluated at 6 season timepoints. Impact load metrics
(cumulative bone stimulus, impact intensity) were collected during practices using inertial measurement units secured to
the distal medial tibiae. Injury was defined as restriction of participation for 1 or more days beyond day of initial injury.
Cumulative impact load metrics were calculated over the week before any documented injury and blood draws for analysis.
Point biserial and Pearson product moment correlations were used to determine the relationship between impact load
metrics, serum biomarkers, and injury. Results: Eleven collegiate women’s basketball athletes (height: 1.86 meters, mass:
82.0 kg, age: 20.54 years) participated. Greater medium-range (6-20 g) cumulative impact intensities during week 5 and 6
for both limbs (r ¼ 0.674, P ¼ .023) and high-range (20-200 g) during week 8 for both limbs (0.672, P ¼ .024) were
associated with injury. Greater cumulative bone stimulus was associated with increased procollagen II carboxy propeptide
levels before conference playoffs for right (r ¼ 0.694, P ¼ .026) and left (r ¼ 0.747, P ¼ .013) limbs. Greater chondroitin
sulfate 846 epitope levels at off-season-1 (r ¼ 0.729, P ¼ .017), and at the beginning of the competitive season (r ¼ 0.645,
P ¼ .044) were associated with season-long injury incidence. Conclusions: In this study, we found that moderate-to-high
intensity impacts (6-200 g) early in the season were associated with subsequent injury among female collegiate basketball
players. Increased cartilage synthesis at various time points was correlated with increased cumulative bone stimulus metrics
and season-long injury incidence in this population. Level of Evidence: Level IV, prognostic case series.
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male counterparts, with 41.7% of traumatic injuries
occurring to the knee and ankle.6 Both ankle and knee
joint injuries, which result in chronic instability, dras-
tically increase the risk for early development of oste-
oarthritis (OA).7-10

Previous work suggests that individuals who go on to
sustain ACL injury and those with chronic ankle
instability exhibit greater vertical impact peak forces
compared with healthy individuals.3,11 Individuals with
ACL injury also may present with altered biomechan-
ical movement strategies in the sagittal and frontal
planes.12-15 High-impact loads, coupled with faulty
alignments, may further amplify abnormal loading of
joints, increasing the long-term risk for recurrent injury
and joint damage.9,16 Both acute and cumulative
impact forces have been cited as strong predictors of
running-related injuries.17-23 However, there is less
evidence to indicate that cumulative impact loading has
the same relationship with ankle and knee joint injuries
commonly sustained during basketball. Tibial mounted
inertial measurement units (IMUs) can provide a sur-
rogate measure of the vertical force load rates during
running and landing activities.24,25 Further, the use of
IMUs to monitor athletes’ impacts load over multiple
days, weeks, or months provides an affordable, direct,
and noninvasive way to evaluate the cumulative load
sustained by musculoskeletal tissue(s) during sports
participation.
Excessive impact forces, singular or cumulative over

time, also may initiate an inflammatory process in the
joint that leads to the degeneration of articular cartilage
and underlying subchondral bone.9 Studies26,27 have
proposed the use of serum biomarkers panels of carti-
lage turnover to potentially identify individuals at risk
of injury. These biomarkers are not abundant in
healthy joints and are suggested to be an indication of
trauma or load-related inflammation.28 Individuals
who demonstrate elevated cartilage turnover levels
may already be exhibiting faulty biomechanical strate-
gies affecting the internal biochemical processes
occurring within the joint.27 Thus, an imbalance in
underlying metabolic processes associated with the
maintenance of cartilage turnover or cumulative tissue
load (i.e., collagen synthesis and degradation) may
serve as a precursor to injury.26 Research has demon-
strated that cartilage degradation and synthesis bio-
markers levels were significantly associated with the
subsequent likelihood of sustaining an ACL injury.
Multiple studies also support that biomarker fluctua-
tions observed after ACL injury27,29,30 and after some
forms of exercise31 may negatively influence long-term
joint health. This relationship relative to other lower-
extremity joint injuries should be considered. Serial
evaluation of cumulative impact loading and joint
injury biomarkers can provide important context
regarding fluctuations in these metrics over the course
of an athletic season and extend outside the scope of
previous work.27 Therefore, the purposes of this study
were to evaluate whether cumulative impact load and
serum biomarkers are related to lower-extremity injury
and to determine any impact load and cartilage
biomarker relationships in collegiate female basketball
athletes. We hypothesized that high impact load and
cumulative load would be associated with injury,
measurable through select impact metrics and serum
biomarkers, and may serve as indicators of injury risk.

Methods
This was a preliminary, prospective longitudinal study

evaluating lower-extremity impact load, serum carti-
lage biomarker monitoring, and injury incidence
collection over the course of a single athletic season.
Data were collected from August 2022 to April 2023.
The nature of this study limited the ability to recruit
more than a single women’s basketball team because of
the number of wearable sensors available for use during
the study duration. On the basis of previous epidemi-
ologic work,32 we estimated 4.79 lower-extremity in-
juries per season for a team of 15 athletes. Information
about this study was provided to 3 local universities that
had a women’s varsity basketball team to gauge inter-
est. After this recruitment period, a single women’s
basketball team was formally recruited in July of 2022.
Individuals were eligible if they were 18 to 25 years and
actively part of the women’s varsity basketball team.
Individuals were excluded if they were currently
injured at the time of study initiation, those with a
known history of anemia, individuals with a major fear
of needle sticks or a history of fainting in response to
blood draws, and individuals who weighed less than
110 pounds. These criteria were established to ensure
the participants were representative of the typical ath-
letic population and to mitigate any potential health
risks or data-collection issues related to blood sampling.
Figure 1 demonstrates the outcomes that were collected
over the 2022-2023 season. Serum biomarkers of
cartilage turnover were collected at 6 time points
before, during, and after the 25 week season (off-sea-
son 1 [before week 1], preseason [during week 6],
beginning of regular season play [during week 10],
midpoint of the regular season [during week 18],
before conference playoffs [during week 24], off-season
2 which occurred after cessation of NCAA tournament
play [after week 25]). These time points were chosen to
represent various phases of the athletic season and to
ensure that we did not only evaluate a single period of
the season, as this could bias results. Impact load met-
rics were collected daily during practices from presea-
son to cessation of play. Injury status was collected daily
as reported by the team athletic trainer. Injury was
defined as occurring as a result of participation in an
organized practice or competition that required medical



Fig 1. This is a figure of the prospective, longitudinal study in a collegiate women’s basketball team over the course of the 2022-
2023 season. The timeline depicts the frequency and timing of the serum blood draw collections, the daily collection of impact load
metrics using the inertial measurement units, and the daily collection of injury status, recorded by the team athletic trainer.
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attention by a certified athletic trainer or physician
resulted in a restriction of the student-athlete’s partic-
ipation for 1 or more days beyond the day of initial
injury.33 The injury location, diagnosis, severity, and
time loss were recorded using the injury tracking soft-
ware (PyraMed Health Systems, Berwyn, PA). Athletes
who sustained lower-extremity injuries were retained
in the study for us to monitor the influence of injury on
our main outcome metrics. Only lower-extremity joint
injuries were used for the final data analysis, as we
assumed these would be most strongly related to the
cartilage biomarkers. This study was approved by the
university’s institutional review board, and informed
consent was obtained before testing.

Data Collection

Serum Biomarkers of Cartilage Turnover
We used 2 markers indicative of type II collagen and

aggrecan synthesis (procollagen II carboxy propeptide
[CPII] and aggrecan chondroitin sulfate 846 epitope
[CS846], respectively) and one marker of type II only
collagen degradation (collagen type II cleavage [C2C]).
These biomarkers were selected on the basis of a pre-
vious study26 that demonstrated preinjury differences
in these markers in military cadets who went on to
sustain ACL injury. Further, these biomarkers are
indicative of type II collagen and aggrecan metabolism,
proteins that are abundantly present in articular carti-
lage and have been suggested by the OA Biomarkers
Working Group as appropriate markers for evaluating
post-traumatic OA, indicators of poor joint health.34

CPII levels have been found to directly correlate with
the synthesis of type II collagen,35 whereas CS846 has
been reported as highly concentrated in human fetal
cartilage and primarily absent in healthy, adult articular
cartilage.28 However, the presence of CS846 has been
identified in osteoarthritic cartilage, and there is work
to support a significant increase in CS846 content after
joint injury.36

For each of the biomarker collection time points (6
collection points per subject, see Fig 1) an w10 mL total
blood sample, drawn in the morning, was obtained
from each participant through an intravenous ante-
cubital blood draw into a standard collecting tube and
immediately processed. Serum aliquots were frozen
and stored frozen at e80�C to be thawed for future
batch processing. Each sample was labeled with the
subject’s study number.

Tibial Impact Load Metrics Collection
Before the start of each practice, all participants had

an IMU device (42 � 27 � 11; 9.5 g) affixed to both legs
to obtain lower-extremity impact (tibial acceleration)
data.20 The IMUs (Blue Thunder IMUs; IMeasureU,
Auckland, New Zealand) contain a dual-g tri-axial
accelerometer, gyroscope, and magnetometer. The de-
vice was secured to the distal medial tibia, just above
the medial malleolus of both legs using a custom sili-
cone Velcro strap.37 The IMUs were sampled continu-
ously during all practices, and all data were stored on-
board of the IMU at 1000 Hz. After each practice, the
data onboard the IMUs were uploaded to the IMea-
sureU web portal (IMU Step, Auckland, New Zealand).

Data Reduction

Serum Biomarkers of Cartilage Turnover
Aliquots of sera were assayed in duplicate for bio-

markers of collagen turnover and metabolism (CPII,
CS846, C2C) through commercially available 96-well,
precoated enzyme-linked immunosorbent assay kits
(IBEX, Pharmaceuticals, Montréal, Quebec, Canada)
according to manufacturer’s guidelines. Enzyme-linked
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immunosorbent assay kits for each biomarker were
from the same respective lot numbers to further mini-
mize interassay coefficients of variation (CV) and assays
for each individual subject were performed at the same
time to minimize the potential effect of multiple freeze/
thaw cycles. A multilabel plate reader was used to
detect serum absorbances for each cartilage turnover
marker at an optical density of 450 nm. Serum con-
centrations were determined against the known stan-
Impact load ¼ ðno: steps� 1gÞþ ðno: steps� 2gÞþ ðno: steps� 3gÞ þ. ¼ Total no: steps � g’s (Eq 2)
dard curve provided by the manufacturer by using
Prism GraphPad Software, version 9 (GraphPad, Bos-
ton, MA) to plot the mean standard absorbance read-
ings on the y-axis versus log concentration on the x-
axis using a logistic equation (4 parameters). This pro-
cess was performed by the same member of the
research team. Intra-assay CVs ranged from 5.02% to
6.51%; interassay CVs ranged from 6.91% to 9.66%. In
addition to the determined serum concentrations, we
also calculated cartilage degradation to cartilage syn-
thesis (C2C:CPII) ratios to represent cartilage turnover.
This was done by dividing the cartilage degradation
levels by the cartilage synthesis levels at each of the 6-
blood draw timepoints.

Tibial Impact Load Metrics
Metrics obtained from IMU Step software included a

cumulative bone stimulus metric, impact load (tibial
acceleration), total number of steps, impact intensity
(high, medium, low), and impact asymmetry. Cumu-
lative bone stimulus is a proprietary calculation per-
formed by the IMU Step software and is an estimate of
the mechanical stimulus that would cause the bone to
respond and remodel.38 Cumulative bone stimulus is a
unitless metric calculated by taking the peak resultant
acceleration (impact) from every foot contact with the
ground, throughout the duration of the session (prac-
tice) will be calculated and input into Equation 1,
where k ¼ number of loading conditions/activities, nj ¼
number of impacts or loading cycles per loading con-
dition, sj ¼ resultant peak tibial acceleration, and m is
an empirical constant of 4 determined previously by
Beaupre et al.39

Cumulative bone stimulus ¼
"Xk

j¼ 1

nj
�
sj
�m# 1

2m
(Eq 1)

It is important to note that cumulative bone stimulus
does not equate to the physiological intensity of a
particular session or period of time but represents the
mechanical stimulus that will lead to changes in bone
remodeling.38 The cumulative bone stimulus metric
reaches a plateau after a certain number of cycles/steps,
indicating that continued mechanical stimulation has a
limiting influence on bone response. Impact load (i.e.,
tibial acceleration) is a unitless metric that is a surrogate
of the impact load that is experienced by the tibia
during running and court-based activities.38 Impact
load is calculated by multiplying the number of steps by
the peak tibial acceleration value (force exerted by
gravity, g) at which they are taken.
For both impact intensity and impact asymmetry
metrics, IMU Step continuously bins the number of
steps or impacts based on tibial acceleration values
(ranging from 1 to 200 gþ). These bins were catego-
rized into high (21-200 þg), medium (6-20 g), and low
(0-5 g) intensity. Output metrics (cumulative bone
stimulus, number of steps within each intensity bin,
impact asymmetry value by intensity bin) were calcu-
lated over the week before any documented injury and
blood draws for analysis.

Statistical Analyses
Because of the nature of this preliminary study, results

are reported both descriptively along with correlation
analyses. Statistics were performed using the Statistical
Package for the Social Sciences (SPSS) software version
29.0 (IBMCorp., Armonk,NY) and an apriori alpha level
of 0.05 was used for all analyses. Weeks of the season
were denoted numerically, beginning with the first
preparatory season practices in September and encom-
passed data from Sunday to Saturday. Point biserial
correlations were used to determine whether injury
incidence was associated with impact load metrics taken
over the week before the injury occurring. Pearson
productmoment correlation analyseswere used to assess
the relationship between impact load metrics averaged
over the week before blood draws with cartilage
biomarker levels andwhether the total number of lower-
extremity joint injuries sustained was associated with
cartilage biomarker levels. Shapiro-Wilk tests of
normality were performed to assess the normality of the
data. In the presence of any non-normally distributed
data, Spearman rho correlations were performed and
reported. Descriptive analyses of median (minimum,
maximum) cartilage synthesis and degradation levels
and impact loadmetric values across the entire basketball
season were conducted to provide a visual depiction of
fluctuations in these metrics.

Results
Thirteen collegiate women’s basketball athletes from

a local university were initially recruited. Two of the 13
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athletes were excluded because of their age and current
injury status. Eleven athletes (mean values: height:
1.86 meters, mass: 82.0 kg, age: 20.54 years) were
included. Descriptive data and information regarding
participant demographics, season long statistics, and
injury-related data can be found in Table 1. Injuries
reported by the athletic trainer occurred both during
practices (n ¼ 10) and competitive regular season
games (n ¼ 3). A descriptive graph of impact load for
the left, right, and combined limb values and injury
incidence is plotted over time in Figure 2.

Injury and Cumulative Impact Loading
There was a statistically significant relationship be-

tween injury incidence and the cumulative number of
medium-intensity (6-20 g’s) and high-intensity (21-
200 þg) impacts over the preceding week (Fig 3).
Greater medium-range (6-20 g’s) cumulative impact
intensities during week 5 (preseason) for the right limb
(r ¼ 0.631, P ¼ .037), and during week 6 (preseason)
for left limb (r ¼ 0.609, P ¼ .047), right limb (r ¼ 0.711,
P ¼ .014), and both limbs (r ¼ 0.674, P ¼ .023) were
Table 1. Participant Demographics and Study Information

Outcome

Age, yr
Height, m
Mass, kg
Dominant limb
Previous injury (self-reported)*

2022-2023 season injuries

Number of athletes injured and number of injuries per athlete 7 athle
Past sports played (besides basketball) Soccer,
Season impact load (unitless)

Left
Right

Season cumulative bone stimulus (unitless)
Left
Right

Step count (no. steps)
Left
Right

Impact asymmetry (L-R) (no. steps)
CPII levels, ng/mL
CS846 levels, ng/mL
C2C levels, ng/mL

NOTE. Outcome data represented as mean � standard deviation (range
C2C, collagen type II cleavage; CPII, procollagen II carboxy propeptide;
*prior to 2022 season
moderately associated with lower-extremity injury.
Greater cumulative high-intensity impacts (21-200 g’s)
during week 8 (regular season) for the left limb (r ¼
0.631, P ¼ .037), right limb (r ¼ 0.698, P ¼ .017), and
both limbs (0.672, P ¼ .024) were also moderately
associated with lower-extremity injury. There was no
significant association between season averages for the
number of high-intensity (r ¼ 0.183, P ¼.569),
medium-intensity (r ¼ e0.010, P ¼.975), and low-
intensity (r ¼ 0.118, P ¼.715) asymmetry values with
the total number of injuries sustained during the
season. There were no other significant associations
between impact loading variables and injury across
weeks 1-4, 7, 9-10, and 11-25, (P > .05).

Cartilage Serum Biomarkers and Cumulative Impact
Loading
Greater CS846 levels at the start of the regular season

were moderately associated with lower cumulative
bone stimulus in the right limb (rho ¼ e0.675, P ¼.032)
(Fig 4). Greater cumulative bone stimulus was moder-
ately associated with increased CPII levels before
Collegiate Female Basketball Athletes (n ¼ 11)

20.54 � 1.96 (18-24)
1.86 � 0.067 (1.75-1.95)
82.0 � 10.32 (67.57-101.13)
Right limb (11), left (0)

Anterior cruciate ligament tear (n ¼ 4)
Medial collateral ligament tear (n ¼ 1)
Lateral collateral ligament tear (n ¼ 1)

Meniscal tear (n ¼ 1)
Shin splints (n ¼ 1)

Ankle sprain (n ¼ 8, [7 bilateral])
Torn acetabular labrum (n ¼ 1)

Patellar instability (n ¼ 2)
Lateral ankle sprain (n ¼ 10)

Medial collateral ligament (n ¼ 1)
Tibiofemoral cartilage lesion (n ¼ 1)

Patellar dislocation (n ¼ 1)
tes; 1 athlete (4 injuries), 1 athlete (3 injuries) 5 athletes (1 injury)
lacrosse, volleyball, swimming, field hockey, handball, track and field

33,649.52 � 9,754.61
32,766.58 � 8,385.23

264.84 � 12.72
265.16 � 12.53

2,557.62 � 473.57
2,559.59 � 465.21
e0.811 � 3.037
789.66 � 199.51
27.24 � 37.35

114.35 � 19.87

).
CS846, aggrecan chondroitin sulfate 846 epitope; L, left; R, right.



Fig 2. Shown are the variations in impact load, a unitless metric that is a surrogate of the impact load that is experienced by the
tibia during court-based activities, for left (L), right (R) and both limbs (LþR) over the course of a 25-week collegiate women’s
basketball season. This figure also denotes with asterisks when a lower-extremity joint injury occurred during the season.
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conference playoffs for right (r ¼ 0.694, P ¼ .026) and
left (r ¼ 0.747, P ¼ .013) limbs (Fig 5). There were no
other significant associations between CS846, CPII, or
C2C and cumulative bone stimulus for either limb at
any of the other timepoints, P > .05. Descriptive plots
for cartilage synthesis and degradation levels and
average cumulative bone stimulus values can be found
in Figure 6 A-C to provide a visual depiction of fluc-
tuations in these metrics.

Cartilage Serum Biomarkers and Injury
Greater CS846 levels before the start of the formal

basketball activities (offseason 1) (rho ¼ 0.729, P ¼
.017) and at the start of the regular season (rho ¼
0.645, P ¼ .044) were moderately associated with the
occurrence of injury (Fig 7). There were no other sig-
nificant associations between CS846 and injury at the
other 4 time points. There were also no significant
associations for CPII and C2C and injury at any of the
6 time points, P > .05. There were no significant asso-
ciations between C2C:CPII ratios and injury incidence
at offseason 1 (r ¼ 0.240, P ¼ .505), preseason (r ¼
e0.184, P ¼ .611), regular season 1 (0.184, P ¼ .611),
regular season 2, midpoint of the season (r ¼ e0.191,
P ¼ .597), prior to conference playoffs (r ¼ 0.172, P ¼
.634), and off-season 2, just following cessation of
NCAA play (0.031, P ¼ .931).
Discussion
In this study, we found that over the course of a

women’s collegiate basketball season, a greater number
of more intense impacts early in the season was asso-
ciated with subsequent injury and increased cartilage
synthesis at various time points was correlated to
increased cumulative bone stimulus metrics and
season-long injury incidence. Specifically, during the
preseason and early regular season, we observed that
lower-extremity joint injury was associated with sus-
taining a greater number of medium-intensity (6-20
g’s) and high-intensity (21-200 g’s) impacts over the
week before the injury occurred (Fig 3). On the basis of
previous research,3,11 excessive impact loading and
poor biomechanical movement patterns12-15 can
contribute to lower-extremity injury risk.9,16 Further,
research related to training load in athletes has identi-
fied a relationship between greater intensity and
injury.40 The findings of our study are in line with
previous research suggesting that the volume of intense
impact load during practices and games may be of



Fig 3. Shown are a series of scatterplots (a-g) that visualize the statistically significant point biserial correlations for the right, left,
and both limbs (total) that were observed during week 5 (preseason), week 6 (preseason), and week 8 (regular season) between
the number of medium and high impacts taken over the course of those weeks and subsequent lower-extremity injury
occurrence. The R2 value is also listed in the upper right-hand corner of the scatter plots.
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importance.41-43 We did not observe any similar rela-
tionship between the number of medium/high impacts
and injury during the later weeks of the season. This
may be because during the preseason and beginning of
regular season competition, there is less frequent and
intense game play, and thus practices may be more
intense and voluminous. Later in the season, we would
expect practice intensities to be lower and game in-
tensities to be greater. Because we did not measure
impact load during game play, we cannot speak directly
to whether this relationship would hold; however, we
hypothesize it may have impacted the findings of this
study.
We also observed that at the beginning of the regular

season, a greater level of cartilage synthesis (CS846
concentration) was associated with lower cumulative
bone stimulus values (Fig 4), and at the end of the
season, a greater level of cartilage synthesis (CPII con-
centration) was associated with greater cumulative
bone stimulus (Fig 5). Lastly, we observed that greater
cartilage synthesis levels of CS846 before the start of
basketball activities and early during the regular season
were associated with subsequent lower-extremity joint
injury (Fig 7). Although we saw statistically significant
associations, we cannot discount that these associations
may have been a cause of chance findings or Type I
errors. The results of this work must be taken consid-
ering the number of correlations that were performed
over the duration of the athletic season. Furthermore,
this work is just a small sample of preliminary findings
that highlight the potential relationship between carti-
lage biomarkers, impact load, and injury in female
collegiate basketball athletes; larger studies are needed
to speak to the clinical applicability of such findings.
Cumulative bone stimulus, an impact load metric

derivative that estimates the mechanical stimulus
experienced by the tibia, was only associated with
fluctuations in cartilage synthesis markers, CS846 and
CPII, at 2 of the 6 seasons blood draw time points. We
observed that at the beginning of the regular season, a
greater level of CS846, a marker indicative of aggrecan
synthesis, was moderately associated with lower cu-
mulative bone stimulus (Fig 4). On the basis of how the
cumulative bone stimulus metric is calculated and the
metric’s natural trend to increase and then plateau on
the basis of an external stimulus, it is not surprising that
we observed lower cumulative bone stimulus during
the preseason period before the start of regular season
basketball activities. However, we did not expect to
observe this relationship with greater CS846 levels



Fig 4. Scatterplot is shown that represents
the correlation between greater levels of
aggrecan chondroitin sulfate 846 epitope
(CS846) and lower levels of cumulative
bone stimulus of the right limb at the
regular season 1 (start of the regular sea-
son) timepoint. An R2 value is also listed in
the upper right-hand corner of the scatter
plots.
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during this period. Further before conference playoffs,
we conversely observed that greater levels of CPII
(synthesis) were associated with an increase in cumu-
lative bone stimulus (Fig 5). We also observed that
CS846 at the off-season 1 time point and the beginning
of the regular season was associated with season-long
injury incidence.
Although CS846 and CPII are both markers that

indicate relative cartilage synthesis, there is various
agreement among previous studies supporting their
fluctuations. For example, greater CS846 levels have
been observed in patients with OA.44,45 Although our
population of athletes was healthy, with no known
active joint injuries at the time the study began, many
of the athletes had sustained previous, significant joint
injuries, including several ACL ruptures and collateral
ligament damage. ACL injuries and subsequent re-
constructions have been strongly reported to increase
the development of posttraumatic OA.30 Those who
sustain a traumatic knee injury are 5 times more likely
to develop posttraumatic OA,9 and upwards of 50% of
young athletes who sustain ACL injuries will develop
posttraumatic OA within 10 to 20 years.46-48 As
increased CS846 has been reported in osteoarthritic
knees, it is plausible that increases in this biomarker
observed during the beginning of the regular season,
before increased competitive season game play, were a
result of potentially early underlying metabolic and
osteoarthritic changes in these knee joints. However,
because of the peak change early in the preseason to
Fig 5. Scatterplot is shown that depicts the
relationship between increased procolla-
gen II carboxy propeptide (CPII) levels and
increased cumulative bone stimulus of
both the left and right limbs before con-
ference playoffs time point.



Fig 6. Shown are the minimum, maximum and median cartilage biomarker levels (a-c) and mean cumulative bone stimulus of
the left (L) and right (R) limb over the duration of a 25-week collegiate women’s basketball season. Cumulative bone stimulus is
a unitless metric calculated by taking the peak resultant acceleration (impact) from every foot contact with the ground
throughout the duration of the session (practice). Fluctuations in the serum biomarker concentrations of procollagen II carboxy
propeptide (CPII), aggrecan chondroitin sulfate 846 epitope (CS846), and collagen type II cleavage (C2C) concentrations, pre-
sented as nanograms per milliliter, are represented at each of the 6 study time points (off-season 1, preseason, regular season 1,
regular season 2 [midpoint of regular season], before conference playoffs, off-season 2 [after cessation of National Collegiate
Athletic Association play]).
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early season progression and the high impact load
values during preseason and early regular season, we
feel this may be related to “preseason” ramp up and a
direct response of the body to load changes. Further-
more, this cartilage synthesis marker is also markedly
increased in content after joint injury.37 In this study,
13 lower-extremity joint injuries (10 ankle, 3 knee;
Table 1) were sustained across the duration of the
season, both during practices and games. Similarly,
Fig 7. Shown are 2 scatterplots (a-b) that depict the small relations
epitope (CS846) and the season-long injury incidence (i.e., greater
season 1 and beginning of the regular season time points.
increased CPII levels before conference playoffs in this
study may be the result of increased load sustained by
these athletes during this period of the season. Further,
increases in CPII levels have been associated with an
increased risk of sustaining future ACL injury in mili-
tary cadets27; therefore, it is plausible the increases
observed in CPII and relationship to increased cumu-
lative bone stimulus metrics may indicate a precursor to
injury in this population. Hypothetically, we would
hip between greater levels of aggrecan chondroitin sulfate 846
number of injuries sustained over the season) at both the off-
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have also expected to observe a similar relationship
with CS846 at this time point, but any lack of associa-
tion may be due to a multitude of factors such as
varying physiological differences between the partici-
pants as well as the small sample size. Regardless, these
findings suggest that the cumulative bone stimulus
fluctuations experienced throughout the season may
have implications for cartilage health, influencing
biochemical markers associated with collagen synthesis
and future injury risk. The correlation between
increased cartilage synthesis at various time points and
cumulative bone stimulus metrics further supports the
possible interplay between mechanical loading and
biological responses.
The preliminary findings of this study suggest that

variations in cartilage metabolism, specifically cartilage
synthesis, as indicated by CS846 levels and CPII, as well
as cumulative bone stimulus metrics during specific
timepoints may serve as potential predictors of injury
susceptibility. Although there were numerous non-
statistically significant associations between cartilage
markers, impact load, and injury, we did observe a
small association between elevations in CS846 and
injury incidence in this population. These initial study
findings emphasize the importance of considering pre-
season and early-season biomarkers in potentially
identifying athletes at risk for season-long injuries.
Future studies should also further evaluate whether
impact load metrics are more related to injury or
cartilage biomarkers to strengthen the supporting evi-
dence of these preliminary relationships. Understand-
ing these relationships could help to inform injury
prevention strategies and training interventions tailored
to mitigate the risk associated with specific loading
patterns, particularly the number of medium and high
intensity impacts during early phases of athletic sea-
sons. However, these relationships should be further
evaluated in larger cohorts to determine actual predic-
tive capabilities.

Limitations
It is crucial to acknowledge the limitations of our

study. This was an exploratory study in a single colle-
giate female basketball team, where impact load was
only captured during practices, and not competitions.
Although IMUs can provide a surrogate of tibial accel-
eration and load, it cannot assess abnormal joint
loading or kinematics such as increased valgus or
external rotation. Within some of the scatterplots, it is
clear that there are a few individuals whose results may
be driving the relationship. Although we acknowledge
this potential, this goal of this study was to evaluate
biomarker fluctuations, impact load, and injury in this
sample; thus, removing individuals who reflected these
levels of load or cartilage biomarkers would limit the
ability to interpret the findings. These findings cannot
be applied to other populations, and future research
should consider conducting similar evaluations in
men’s and in youth basketball. In addition, there are
several known (previous history of injury) and un-
known confounders in this study. For example, several
athletes had previously sustained traumatic joint in-
juries, including several ACL injuries. It is possible that
elevations in cartilage metabolism biomarkers were
affected by these past injuries. In addition, we did not
account for upper extremity or trunk-related injuries
and as serum cartilage biomarkers are a systemic esti-
mate of circulating levels, this needs to be considered.
On the basis of the upper-extremity injuries sustained
over the season (nose contusion, rib contusion, finger
fracture, forehead laceration and concussion, rotator
cuff tendinitis) we felt it was reasonable to only discuss
the results in the context of lower-extremity injuries.

Conclusions
This study investigates impact load, cartilage bio-

markers, and lower-extremity joint injuries in collegiate
female basketball players across a season. The findings
demonstrate that more moderate- to high-impact in-
tensities (6-200 g) early in the season were associated
with subsequent injury. Increased cartilage synthesis
(CS846, CPII) at various time points was also correlated
with increased cumulative bone stimulus metrics and
season-long injury incidence.
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