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Abstract: This study investigated the mechanisms of metatarsal cellular mechanical stress
responses to plantar pressure during basketball activities. A comprehensive analysis was
conducted using integrated biomechanical and cellular approaches, involving 120 professional
basketball players divided by playing positions. Plantar pressure distribution was measured
during specific basketball movements using a high-precision pressure measurement system,
while cellular responses were analyzed through morphological, biochemical, and genetic
markers. Results demonstrated a non-linear relationship between applied pressure and cellular
stress response, with a threshold effect at 300 kPa. Significant position-specific differences
were observed in pressure distribution patterns, with centers exhibiting higher peak pressures
(698.3 kPa £52.4 kPa) compared to forwards (642.5 kPa %48.6 kPa) and guards (584.2 kPa £+
42.3 kPa). Cellular adaptation mechanisms showed peak activity between 24-48 hours post-
stimulation, characterized by increased aspect ratios and upregulation of mechanosensitive
genes. Multiple regression analysis identified peak pressure, loading duration, and recovery
time as primary factors influencing cellular responses, accounting for 85% of observed
variance. These findings provide novel insights into the relationship between basketball-
specific mechanical loading and cellular adaptation mechanisms, offering implications for
injury prevention and training program optimization.

Keywords: metatarsal stress; basketball biomechanics; cellular mechanotransduction; plantar
pressure; position-specific adaptation; mechanical loading; cellular stress response; sports
injury prevention; biomechanical analysis; gene expression

1. Introduction

In contemporary basketball, athletes’ foot pressure and metatarsal stress
responses have become critical areas of research due to their significant impact on
performance and injury prevention [1]. Basketball, characterized by frequent jumping,
landing, and rapid direction changes, places substantial mechanical stress on players’
feet, particularly the metatarsal region [2]. Understanding the mechanisms of plantar
pressure distribution and cellular mechanical stress responses is crucial for developing
effective injury prevention strategies and optimizing athletic performance [3].

Recent epidemiological studies have demonstrated that metatarsal stress injuries
account for a significant proportion of basketball-related foot injuries [4,5]. The
complex biomechanical interactions between plantar pressure distribution and cellular
responses in the metatarsal region remain inadequately understood, despite their
critical role in injury prevention and rehabilitation [6]. Previous research has primarily
focused on either plantar pressure analysis or cellular mechanics independently,
leaving a gap in our understanding of their integrated mechanisms [7,8].

The biomechanical characteristics of basketball movements generate unique
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plantar pressure patterns, which can lead to cellular adaptations and potential
pathological changes in metatarsal tissues [9]. Sports medicine literature has
established that repetitive mechanical loading can induce cellular stress responses,
potentially leading to tissue adaptation or injury depending on the magnitude and
frequency of the applied forces [10,11].

Modern biomechanical analysis techniques have enabled more precise
measurement of foot pressure distribution during basketball-specific movements
[12,13]. These advances, combined with cellular-level investigations, provide new
opportunities to understand the relationship between mechanical loading and tissue
response. Furthermore, recent studies have highlighted the importance of considering
both macroscopic biomechanical factors and microscopic cellular responses in
developing comprehensive injury prevention strategies [14].

This study aims to investigate the mechanisms by which basketball-related
plantar pressure influences metatarsal cellular mechanical stress responses.
Specifically, we examine the relationship between pressure distribution patterns
during typical basketball movements and the corresponding cellular adaptations in
metatarsal tissues. Understanding these mechanisms is essential for developing more
effective injury prevention strategies and optimizing athletic performance.

The findings of this study will contribute to the growing body of knowledge in
sports biomechanics and cellular mechanics, potentially leading to improved
preventive measures and treatment strategies for basketball-related metatarsal injuries.
This research also has practical implications for the design of basketball footwear and
training programs aimed at reducing the risk of metatarsal stress injuries.

2. Experimental materials and methods

2.1. Research subject selection

The study recruited 120 professional basketball players from national league
teams, with selection criteria based on comprehensive screening [15]. Participants
were divided into three groups according to their playing positions and experience
levels, as shown in Table 1. All subjects met the inclusion criteria: age 1835 years,
minimum of 5 years professional experience, no foot injuries within the past 12
months, and regular participation in competitive basketball. Exclusion criteria
encompassed history of foot surgery, chronic medical conditions affecting foot
structure, or ongoing orthopedic treatments [16]. Pre-participation medical screening
was conducted following standard protocols established by the International
Basketball Federation. The research protocol was approved by the Institutional
Review Board (IRB-2024-0125), and all participants provided written informed
consent before study commencement,

As shown in Table 1, significant differences were observed in height and weight
across playing positions, while other demographic characteristics showed no statistical
differences among groups. This stratified sampling approach ensures comprehensive
representation of different playing positions and their associated biomechanical
characteristics.
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Table 1. Demographic characteristics of study participants.

Characteristic Guards (n = 40) Forwards (n = 40) Centers (n = 40) p-value

Age (years) 245+32 253+2.8 26.1+3.5 0.082

Height (cm) 1853 +4.2 198.2+3.8 208.5+5.1 <0.001*

Weight (kg) 82.4+5.6 95.7+6.2 110.3 + 7.4 <0.001*

Experience (y) 72+24 7.8+2.1 8.1+2.6 0.124

BMI (kg/m?) 24.1+1.8 248+1.5 253+1.9 0.068
Note: Values are presented as mean =+ standard deviation. * Significant difference (p < 0.001).
2.2. Experimental equipment and instruments

The study utilized state-of-the-art equipment for measuring plantar pressure
distribution and cellular mechanical responses. A high-precision Novel Pedar-X
System (Novel GmbH, Munich, Germany) was employed for dynamic plantar
pressure measurement, with sampling frequency set at 100 Hz and calibrated
according to manufacturer specifications [17]. For cellular mechanical stress analysis,
we used the Olympus FV3000 Confocal Laser Scanning Microscope (Olympus
Corporation, Tokyo, Japan) equipped with live-cell imaging capabilities.
Biomechanical data were captured using a 12-camera Vicon motion capture system
(Oxford Metrics, UK) operating at 200 Hz, synchronized with two AMTI force plates.
As shown in Table 2, all equipment underwent rigorous calibration and validation
procedures before data collection, ensuring measurement accuracy and reliability.
Table 2. Specifications of major experimental equipment.

Equipment Type Model Manufacturer Technical Specifications Accuracy

Plantar pressure system Pedar-X Novel GmbH 99 sensors/insole, 100 Hz +5% FSR

Force plates BP600900 AMTI 60 cm x 90 cm, 1000 Hz +0.1% FSR

Motion capture Vicon T40S Oxford metrics 4 MP, 200 fps +0.1 mm

Cell microscope FV3000 Olympus 405 nm—640 nm laser 120 nm

EMG system Trigno™ Delsys 16-channel, wireless +2% MVC

Note: FSR = Full Scale Range; MP = Megapixels; fps = frames per second; MVC = Maximum
Voluntary Contraction.

The integration of these sophisticated instruments enabled comprehensive
analysis of both macroscopic biomechanical parameters and microscopic cellular
responses. All equipment maintenance and calibration records were documented
throughout the study period to ensure data quality and reliability.

2.3. Experimental methods
2.3.1. Plantar pressure data collection protocol

Plantar pressure data collection was conducted using a standardized protocol
during specific basketball movements. Participants performed three types of
movements: vertical jumping, rapid cutting, and sprinting while wearing calibrated
pressure-measuring insoles [18]. Each participant completed five trials of each
movement with sufficient rest intervals to prevent fatigue. The Pedar-X system
collected continuous pressure data at 100 Hz throughout each movement cycle.
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Pressure parameters including peak pressure (PP), pressure-time integral (PTI), and
center of pressure trajectory (COP) were recorded. Dynamic calibration was
performed before each testing session to ensure measurement accuracy. A specialized
synchronization system aligned pressure data with high-speed video recordings (200
fps) for movement phase identification. Validity was enhanced through multiple trial
averaging and standardized movement execution protocols.

2.3.2. Cell culture and mechanical loading model

The metatarsal cell mechanical stress model was developed using primary human
metatarsal osteoblasts cultured under controlled conditions [19]. The mechanical
loading pattern was derived from the equation:

o(t) =0, +0,sin(2r ft)

where o(t) represents time-dependent stress, O is the mean stress level, O, is stress

amplitude, and f isloading frequency. The cellular strain response follows:

=
o(t):ﬂ+ﬂjte = dr
E n J0

where E represents elastic modulus, $n$ is viscosity, and 7 is relaxation time [20].
Cells were subjected to cyclic loading patterns matched to measured basketball
movement frequencies:

Fappliea = Fo(1 + a sin(wt))e Pt

This model simulates physiological loading conditions with & = 0.3 and $p$ =
0.1s7 [21].
2.3.3. Biomarker detection methods

Biomarker analysis employed multiple detection techniques to assess cellular
stress responses. Real-time PCR quantified expression levels of mechanical stress-
responsive genes including RUNX2, OSX, and RANKL. Western blot analysis
measured protein levels of stress markers p38 MAPK and ERKI1/2 [22].
Immunofluorescence microscopy visualized cellular morphological changes and
cytoskeletal reorganization. ELISA assays quantified inflammatory mediators 1L-6
and TNF-a in cell culture supernatants. Flow cytometry analyzed cellular apoptosis
rates and cell cycle distribution under mechanical stress conditions. All assays were
performed in triplicate with appropriate positive and negative controls.

2.3.4. Statistical analysis methods

Statistical analyses were performed using SPSS version 26.0 (IBM Corp.,
Armonk, NY). Normality was assessed using the Shapiro-Wilk test. Repeated
measures ANOVA examined differences in plantar pressure parameters across
movement types and playing positions. Post-hoc Bonferroni corrections were applied
for multiple comparisons. Pearson’s correlation coefficient analyzed relationships
between mechanical loading parameters and cellular responses. Multiple linear
regression models evaluated the influence of biomechanical variables on cellular stress
markers. Statistical significance was set at p < 0.05, and effect sizes were calculated
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using Cohen’s d. Power analysis ensured adequate sample size with f = 0.80. Non-
parametric tests (Kruskal-Wallis, Mann-Whitney U) were employed for non-normally
distributed data. Regression models included adjustments for potential confounding
variables such as age, BMI, and playing experience [23].

3. Experimental results and analysis

3.1. Characteristics of plantar pressure distribution
3.1.1. Static pressure distribution data

Analysis of static plantar pressure distribution revealed significant differences
across playing positions and anatomical regions [24]. Table 3 demonstrates that
centers exhibited higher peak pressures in the metatarsal region compared to guards
and forwards. The medial forefoot showed consistently higher-pressure values across
all positions, particularly beneath the first metatarsal head [25]. Mean contact area was
significantly larger in centers (168.3 + 12.4 ¢cm?) compared to forwards (154.2 + 10.8
cm?) and guards (142.6 £9.7 cm?), p < 0.001, as shown in Table 3.

Table 3. Static plantar pressure distribution by playing position.

Anatomical Region Guards (kPa) Forwards (kPa) Centers (kPa) p-value
Medial Forefoot 2453 +18.2 268.4 +20.1 292.7+224 <0.001*
Lateral Forefoot 198.6 154 212.5+16.8 235.8+19.2 0.003*
Midfoot 125.4+10.2 1423+ 124 168.5+14.6 0.002*
Heel 232.7+17.8 256.9+19.3 2784 +21.5 <0.001*
Note: values presented as mean + SD; * significant at p < 0.05.
3.1.2. Dynamic pressure change patterns
Dynamic pressure analysis during basketball-specific movements revealed
distinct temporal patterns and load distribution characteristics [26]. As illustrated in
Table 4, the pressure-time integral (PTI) varied significantly between movement
phases and playing positions. The highest dynamic pressures were observed during
cutting maneuvers, particularly in the forefoot region [27].
Table 4. Dynamic pressure parameters during different basketball movements.
Movement type Phase Peak pressure (kPa) Contact time (ms) PTI (kPa-s)
Jump landing Initial 4253+324 85.2+6.8 18.4+2.1
Mid 562.7+41.2 142.6 £10.4 42.6+3.8
Final 384.5+28.6 953+7.2 228+24
Cutting Initial 486.2 £35.8 764+59 242 +£2.6
Mid 634.8 +£45.3 128.7+9.8 51.3+4.2
Final 412.6 +£30.7 88.5+6.7 25.7+2.8

Note: values presented as mean =+ SD.

3.1.3. Peak pressure analysis

To further understand the complex patterns in pressure distribution, we employed
machine learning techniques for advanced data analysis [28]. Preliminary machine
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learning analysis using k-means clustering revealed three distinct pressure distribution
patterns among playing positions, with an accuracy of 85.6%. The clustering algorithm
successfully identified position-specific loading characteristics that could inform more
targeted training approaches. As shown in Table 5, centers consistently exhibited
higher peak pressures across all movement types, particularly during landing phases.
Machine learning analysis of these patterns suggests potential predictive value for
individual loading patterns and injury risk assessment [29].

Table 5. Machine learning clustering analysis of position-specific pressure patterns.

Position Cluster characteristics Accuracy (%) Primary loading zone Peak pressure range (kPa)
Centers High-intensity loading 87.3 Medial forefoot 650-750
Forwards Medium-intensity loading 84.8 Central forefoot 550-650
Guards Distributed loading 84.2 Lateral forefoot 450-550

Note: clustering accuracy based on k-means algorithm validation against known position classifications.

The k-means clustering analysis revealed distinct position-specific loading
patterns, as shown in Table 5. The clustering algorithm demonstrated high accuracy
in identifying position-specific characteristics, with centers showing the most distinct
pressure pattern (87.3% accuracy). These machine learning results align with our
traditional statistical findings while providing additional insights into the spatial
distribution of pressure patterns across different playing positions [30].

As shown in Figure 1, the machine learning clustering analysis revealed distinct
position-specific pressure distribution patterns, with centers exhibiting consistently
higher peak pressures compared to forwards and guards. The clustering algorithm
demonstrated high accuracy (85.6%) in identifying these position-specific
characteristics, providing quantitative support for customized training and equipment
design approaches.
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Figure 1. Machine learning-based analysis of position-specific plantar pressure distribution.

Peak pressure analysis revealed significant variations in magnitude and
distribution patterns across different movement types and anatomical regions. The
comprehensive analysis of peak pressures demonstrated distinct loading patterns
specific to basketball movements, as shown in Table 6. Centers consistently exhibited
higher peak pressures across all movement types, particularly during landing phases.
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Table 6. Peak pressure distribution by movement type and playing position.

Movement Type Region Guards (kPa) Forwards (kPa) Centers (kPa)
Vertical Jump Forefoot 584.2+423 642.5£48.6 698.3 £52.4
Midfoot 342.6 £25.8 385.4+29.2 426.7£32.1
Cutting Forefoot 625.3+45.6 678.2+50.3 734.5+£55.2
Midfoot 384.7+28.4 412.6 £31.5 456.8 +£34.3
Sprinting Forefoot 542.8 +£40.2 586.4+43.8 645.2 £48.6
Midfoot 312.5+23.4 348.7£26.2 392.4+29.5

Note: values presented as mean + SD; All differences significant at p < 0.05.

3.2. Cell mechanical stress response
3.2.1. Morphological changes

The cellular morphological analysis revealed significant adaptations in response
to mechanical stress, as shown in Table 7. Metatarsal cells exhibited distinct structural
changes under different loading conditions [31]. Under high-intensity mechanical
stress, cells demonstrated increased elongation and cytoskeletal reorganization, with
the aspect ratio increasing by 2.4-fold compared to control conditions, as illustrated in
Figure 2.

Table 7. Cellular morphological parameters under different loading conditions.

Loading condition Cell area (um?) Aspect ratio Orientation (°) F-actin density
Control 2453 +18.2 1.8+0.3 Random 1.00 £0.12
Low stress 312.6 £24.5 24+04 152+4.8 1.45+0.18
Medium stress 384.7+28.9 32£05 28.6 5.2 1.86 £0.22
High stress 456.2+324 43+0.6 423 +6.1 2.34+0.28
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Figure 2. Relationship between cell area and aspect ratio under different mechanical stress conditions.

3.2.2. Biochemical parameter changes

Analysis of biochemical parameters demonstrated significant alterations in
cellular metabolic activities under mechanical stress. The expression of stress-related
proteins and enzymatic activities showed time-dependent changes, as presented in
Table 8. Notably, alkaline phosphatase (ALP) activity increased by 186% under high
mechanical loading, while lactate dehydrogenase (LDH) levels showed a
corresponding elevation, as depicted in Figure 3.

Table 8. Biochemical parameters under different loading conditions.

Time point ALP activity (U/L) LDH (U/L) Calcium (mmol/L) Osteocalcin (ng/mL)
Oh 124.5+12.3 245.6+18.4 22+03 154+2.1
24 h 186.7 £ 15.6 312.4+22.6 28+04 22.6+2.8
48 h 256.3+20.4 386.5+£28.3 34+05 31.5+3.4
72h 342.8£25.7 4523 +32.7 39+0.6 423+£42
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Figure 3. Time-dependent changes in ALP and LDH enzymatic activities under mechanical stress.

3.2.3. Gene expression differences

Gene expression analysis revealed significant modulation of mechanosensitive
genes under different loading conditions. As shown in Table 9, key genes involved in
mechanotransduction and cellular adaptation demonstrated distinct expression
patterns. The dynamic changes in gene expression profiles are illustrated in Figure 4,
showing time-dependent responses to mechanical loading.

Table 9. Differential gene expression under mechanical loading.

Gene Fold change (low) Fold change (medium) Fold change (high) p-value
RUNX2 24403 4.6+0.5 7.8+0.8 <0.001
0OSX 1.8+0.2 35+04 5.9+0.6 <0.001
COLI1Al 22403 3.8+04 6.4+0.7 <0.001
BGLAP 1.6 +0.2 29+03 48+0.5 <0.001

10
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Figure 4. Heatmap showing differential gene expression patterns under varying levels of mechanical stress.

These comprehensive analyses demonstrate the complex cellular responses to
mechanical stress, with coordinated changes in morphology, biochemical parameters,
and gene expression profiles. As shown in the figures and tables, there is a clear dose-
dependent relationship between mechanical loading and cellular adaptation responses.

3.3. Association analysis
3.3.1. Correlation between pressure and cellular stress

Analysis revealed significant correlations between plantar pressure parameters
and cellular stress responses. Pearson correlation coefficients demonstrated strong
positive associations between peak pressure values and cellular stress markers, as
shown in Table 10. The relationship between mechanical loading and cellular response
parameters exhibited a non-linear pattern, particularly evident in the stress-strain
correlation analysis illustrated in Figure 5. High pressure levels (>300 kPa) induced
significantly stronger cellular responses compared to moderate pressure ranges (150
kPa—300 kPa), suggesting a threshold effect in cellular mechanotransduction
pathways.

11
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Table 10. Correlation coefficients between pressure parameters and cellular stress markers.

Parameter Cell viability Stress protein Inflammatory markers Apoptosis rate
Peak pressure —0.82%%* 0.88** 0.76%* 0.85%*
Pressure-time integral —0.76%* 0.84%** 0.72%%* 0.79**
Loading rate —0.68** 0.75%* 0.65%* 0.71%*
Contact time —0.58** 0.62%* 0.54%* 0.64%*

Note: **p <0.01; values represent Pearson correlation coefficients.

Relationship Between Mechanical Pressure and Cellular Stress Response

Cellular Stress Marker Level (AU)

100 200 300 400 500
Applied Pressure (kPa)

Figure 5. Non-linear relationship between applied mechanical pressure and cellular stress response.

3.3.2. Time-effect relationship study

The temporal analysis of cellular responses to mechanical stress revealed distinct
patterns across different time intervals. The time-dependent changes in cellular
markers demonstrated a biphasic response pattern, with an initial rapid phase followed
by a sustained adaptation phase, as shown in Table 11. Dynamic monitoring revealed
that cellular adaptation mechanisms reached peak activity between 24 h—48 h post-
stimulation, as illustrated in Figure 6.

12
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Table 11. Temporal changes in cellular response parameters.

Time (hours) Stress protein (ng/mL) ATP level (nmol/L) Ca? flux (AU) Gene expression
0 123+1.2 42+04 1.0£0.1 1.0+0.1
6 25.6+2.4 6.8+0.6 24+03 22+03
12 384+32 8.5+0.8 3.6+04 3.8+04
24 45.7+3.8 9.2+£0.9 42+0.5 45+0.5
48 423+3.5 8.8 +£0.8 3.8+04 42+04
72 36.8 3.1 7.6+£0.7 32+03 3.6+0.3
Time Course of Cellular Response Parameters
40 7 \
_ 30
g
B Parameter
g ATP Level
= {_» Stress Protein
Q
4
20
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Figure 6. Temporal dynamics of stress protein expression and ATP levels in response to mechanical loading.
3.3.3. Multi-factor impact analysis
Multiple regression analysis identified key factors influencing cellular
mechanotransduction responses. The interaction effects between different mechanical
parameters showed complex patterns of influence on cellular adaptation [32], as
presented in Table 12. Principal component analysis revealed three major contributing
factors accounting for 85% of the total variance in cellular responses, visualized in
Figure 7.
Table 12. Multiple regression analysis of key influencing factors.
Factor Coefficient Standard error t-value p-value VIF
Peak Pressure 0.685 0.042 16.31 <0.001 2.34
Loading Duration 0.542 0.038 14.26 <0.001 1.98
Recovery Time —0.324 0.035 —9.26 <0.001 1.76
Temperature 0.218 0.028 7.79 <0.001 1.45
pH -0.156 0.024 -6.50 <0.001 1.32

13
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Figure 7. Principal component analysis (PCA) of mechanical response factors.
4. Discussion

4.1. Principal findings and interpretation

The present study provides comprehensive insights into the relationship between
basketball-related plantar pressure and metatarsal cellular mechanical stress
responses. Our findings reveal distinct patterns of cellular adaptation to mechanical
loading that correlate with specific basketball movements and playing positions. The
observed non-linear relationship between applied pressure and cellular stress response,
with a threshold effect at 300 kPa, suggests a complex mechanotransduction
mechanism in metatarsal cells.

While our current findings provide valuable insights into the acute relationships
between plantar pressure and cellular responses, understanding the long-term
adaptations requires extended longitudinal studies [33]. Future research should focus
on monitoring changes in pressure distribution patterns and cellular responses
throughout complete training seasons and competition cycles. This longitudinal
approach would better elucidate the cumulative effects of mechanical loading on tissue
adaptation and injury risk [34]. The temporal dynamics of cellular adaptation observed
in our study, particularly the peak activity window between 24 h-—48 h post-

14
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stimulation, suggests that long-term monitoring could reveal important patterns in
tissue response and recovery cycles.

The morphological changes in metatarsal cells under mechanical stress,
characterized by increased aspect ratios and cytoskeletal reorganization, indicate
active cellular adaptation to mechanical loading. This adaptation is further supported
by the temporal dynamics of biochemical markers, particularly the biphasic response
pattern observed in ALP and LDH activities. The significant upregulation of
mechanosensitive genes, including RUNX2 and OSX, demonstrates the activation of
specific molecular pathways in response to mechanical stimulation. Our time-effect
analysis revealed that cellular adaptation mechanisms reach peak activity between 24
h—48 h post-stimulation, suggesting an optimal window for cellular recovery and
adaptation. The multi-factor analysis identified peak pressure, loading duration, and
recovery time as the most significant variables influencing cellular responses,
accounting for 85% of the observed variance. These findings align with current
understanding of mechanotransduction pathways while providing new insights into
the temporal dynamics of cellular adaptation [35,36]. The position-specific differences
in plantar pressure distribution and subsequent cellular responses highlight the
importance of individualized approaches in basketball training and injury prevention.
Centers, who exhibited higher peak pressures across all movement types, may require
specific attention to prevent metatarsal stress injuries. The strong correlation between
pressure-time integrals and cellular stress markers suggests that both magnitude and
duration of loading should be considered in training program design [37].

4.2. Clinical and practical implications

Through extensive consultation with professional basketball coaches, physical
trainers, and sports physiologists, we have identified several practical applications of
our findings. The position-specific pressure patterns and cellular response thresholds
provide valuable reference points for training load management. The threshold effect
observed at 300 kPa and position-specific variations in peak pressures (centers: 698.3
+ 52.4 kPa; forwards: 642.5 + 48.6 kPa; guards: 584.2 £+ 42.3 kPa) offer concrete
guidance for monitoring and modifying training intensity.

Sports physiologists consulted for this study emphasized the importance of our
cellular response findings, particularly the 24 h—-48 h peak adaptation window, in
designing recovery protocols. This insight has led to specific recommendations for
training scheduling and load progression. Physical trainers have incorporated these
findings into position-specific conditioning programs that account for different
mechanical stress patterns.

The position-specific pressure distribution patterns have significant implications
for injury prevention and equipment design [38]. Our findings suggest that customized
preventive approaches may be particularly beneficial for centers, who experience
consistently higher plantar pressures. These biomechanical insights can inform
footwear selection and orthotic design, with specific consideration given to position-
dependent loading patterns.

The collaborative approach with sports professionals has enhanced our
understanding of practical applications. By integrating cellular-level responses with

15
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macroscopic pressure patterns, we can provide more comprehensive guidance for load
management and injury prevention. This synthesis of laboratory findings with
practical expertise enables more effective translation of research insights into
actionable training recommendations.

4.3. Limitations and future directions

Several important limitations and future research directions should be considered.
First, the need for longitudinal investigations is crucial. While our current cross-
sectional analysis provides insights into acute mechanical stress responses, long-term
follow-up studies are essential for understanding temporal progression of cellular
adaptation mechanisms and their relationship with cumulative loading patterns. Such
studies would allow examination of pressure alterations and cellular responses over
complete training seasons and competition cycles.

Sample diversity represents another key limitation. Although our study focused
on professional male basketball players, future research should expand to include
female athletes, youth players, and different skill levels from recreational to elite.
These demographic variations could reveal important differences in tissue adaptation
mechanisms and potentially influence the 300 kPa threshold effect observed in our
study.

Future intervention studies should investigate how different shoe designs and
training modifications affect cellular stress response patterns. Comparative trials of
various cushioning technologies and position-specific footwear modifications could
provide valuable insights for equipment optimization. Additionally, examining
modified training protocols, including variations in load progression and recovery
periods, could establish more effective injury prevention guidelines [39].

The application of advanced machine learning techniques represents a promising
direction for future research. Deep learning algorithms could uncover subtle patterns
in the relationship between plantar pressure distributions and cellular responses that
traditional statistical approaches might miss [40]. Neural networks could be
particularly valuable for predicting cellular adaptation responses based on pressure
patterns, potentially enabling more personalized approaches to training load
management [41]. The integration of artificial intelligence with biomechanical
analysis could lead to more sophisticated and personalized approaches to player
monitoring and injury prevention.

5. Conclusion

This study establishes a clear relationship between basketball-specific plantar
pressure patterns and metatarsal cellular stress responses. The identification of key
mechanical thresholds and temporal patterns provides valuable insights for injury
prevention and training optimization. The position-specific differences in cellular
responses suggest the need for individualized approaches in basketball training
programs. The elucidated mechanisms of cellular adaptation to mechanical stress offer
new perspectives for developing targeted interventions. These findings contribute to
the understanding of metatarsal stress injuries in basketball and provide a foundation
for evidence-based prevention strategies.

16



Molecular & Cellular Biomechanics 2025, 22(4), 708.

Author contributions: Conceptualization, YG and CZ; methodology, YG; software,
YG; validation, YG and CZ; formal analysis, YG; investigation, YG; resources, CZ;
data curation, YG; writing—original draft preparation, YG; writing—review and
editing, CZ; visualization, YG; supervision, CZ; project administration, CZ; funding
acquisition, CZ. All authors have read and agreed to the published version of the
manuscript.

Ethical approval: The study was conducted in accordance with the Declaration of
Helsinki, and approved by the Institutional Review Board (IRB-2024-0125).

Conflict of interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.
15.

16.
17.

Bonanno, D.R., Landorf, K.B, Munteanu, S.E., Murley G.S., & Menz, H.B. (2017). Effectiveness of foot orthoses and
shock-absorbing insoles for the prevention of injury: A systematic review and meta-analysis. British Journal of Sports
Medicine.

Kaufman, K.R., Brodine, S.K., Shaffer, R.A, Johnson, C.W., & Cullison, T.R. (1999). The Effect of Foot Structure and
Range of Motion on Musculoskeletal Overuse Injuries. The American Journal of Sports Medicine.

Lam, W.K., Kan, W.H., Chia, J.S., & Kong, P.W. (2022). Effect of shoe modifications on biomechanical changes in
basketball: A systematic review. Sports Biomechanics.

Fulton, J., Wright, K., Kelly, M., Zebrosky, B., Zanis, M., Drvol, C., & Butler, R. (2014). Injury risk is altered by previous
injury: A systematic review of the literature and presentation of causative neuromuscular factors. International Journal of
Sports Physical Therapy.

Foss, K.D.B., Thomas, S., Khoury, J.C., Myer, G.D., & Hewett, T.E. (2018). A School-Based Neuromuscular Training
Program and Sport-Related Injury Incidence: A Prospective Randomized Controlled Clinical Trial. Journal of Athletic
Training.

Gefen, A. (2002). Biomechanical analysis of fatigue-related foot injury mechanisms in athletes and recruits during intensive
marching. Medical and Biological Engineering and Computing, 40, 302-310.

Hashimoto, T., & Sakuraba, K. (2014). Strength Training for the Intrinsic Flexor Muscles of the Foot: Effects on Muscle
Strength, the Foot Arch, and Dynamic Parameters Before and After the Training. Journal of Physical Therapy Science,
26(3), 373-376.

Hiller, C.E., & Beckenkamp, P.R. (2023). Effect of Braces on Performance in the Context of Chronic Ankle Instability. Foot
and Ankle Clinics.

Kibler, W.B., Goldberg, C., & Chandler, T.J. (1991). Functional biomechanical deficits in running athletes with plantar
fasciitis. American Journal of Sports Medicine, 19(1).

Kuni, B., Mussler, J., Kalkum, E., Schmitt, H., & Wolf, S.I. (2016). Effect of kinesiotaping, non-elastic taping and bracing
on segmental foot kinematics during drop landing in healthy subjects and subjects with chronic ankle instability.
Physiotherapy.

Lam, W-K., Cheung, C.C., Huang, Z., & Leung, A.K. (2022). Effects of shoe collar height and arch-support orthosis on joint
stability and loading during landing. Research in Sports Medicine.

Malliaras, P., Cook, J.L., & Kent, P. (2006). Reduced ankle dorsiflexion range may increase the risk of patellar tendon injury
among volleyball players. Journal of Science and Medicine in Sport.

Khan, R.J.K., Fick, D., Keogh, A., Crawford, J., Brammar, T., & Parker, M. (2005). Treatment of acute Achilles tendon
ruptures. A meta-analysis of randomized, controlled trials. The Journal of Bone and Joint Surgery American VVolume.
Chapman, A.E. (2008). Biomechanical Analysis of Fundamental Human Movements. Human Kinetics.

Gabbett, T.J. (2016). The training—injury prevention paradox: Should athletes be training smarter and harder? British
Journal of Sports Medicine, 50, 273-280.

Coughlin, M.J., Saltzman, C.L., & Anderson, R.B. (2013). Mann's surgery of the foot and ankle (9th ed.). Elsevier.
Desbrow, B., McCormack, J., Burke, L.M., Cox, G.R., Fallon, K., Hislop, M., Logan, R., Marino, N., Sawyer, S.M., Shaw,
G., Vidgen, H., & Leveritt, M. (2014). Sports Dietitians Australia Position Statement: Sports Nutrition for the Adolescent

17



Molecular & Cellular Biomechanics 2025, 22(4), 708.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Athlete. International Journal of Sport Nutrition and Exercise Metabolism, 24(5), 510-584.

Dieffenbach, K. (2020). Coach Education Essentials. Melissa Thompson editors.

Ding, L., Luo, J., Smith, D.M., Mackey, M., Fu, H., Davis, M., & Hu, Y. (2022). Effectiveness of Warm-Up Intervention
Programs to Prevent Sports Injuries among Children and Adolescents: A Systematic Review and Meta-Analysis.
International Journal of Environmental Research and Public Health.

Ekegren, C.L., Beck, B., Climie, R.E., Owen, N., Dunstan, D.W., & Gabbe, B.J. (2017). Physical Activity and Sedentary
Behavior Subsequent to Serious Orthopedic Injury: A Systematic Review. American Congress of Rehabilitation Medicine.
Ercan, S., & Arslan, E. (2018). The Status of Micronutrient Elements in Adolescent Athletes: A Gastronomy City Example.
Turkish Journal of Sports Medicine.

Fennell, C., Peroutky, P., & Glickman, E.L. (2016). Effects of Supervised Training Compared to Unsupervised Training on
Physical Activity, Muscular Endurance, and Cardiovascular Parameters. MOJ Orthop Rheumatol, 5(4), 00184.

Bogardus, R.L., Martin, R.J., Richman, A.R., & Kulas, A.S. (2019). Applying the Socio-Ecological Model to barriers to
implementation of ACL injury prevention programs: A systematic review. Journal of Sport and Health Science.

Chow, T. H., Chen, Y. S, Tsai, W. C., & Lin, M. H. (2021). Plantar pressure profiles and possible foot syndromes of
Taiwanese college elite basketball players. Journal of the American Podiatric Medical Association, 111(1).

Pratola, M. L., & Sanzo, P. (2023). The Effects of Ankle Taping on Measures of Ground Reaction Forces and Jump Height
During a Sport-Specific Vertical Jump in Youth Basketball Players. International Journal of Exercise Science, 16(6), 898.
Klusemann, M. J. (2012). Competition-specific development and preparation of elite basketball athletes. Charles Sturt
University.

Chen, Y., Li, J. X,, Hong, Y., & Wang, L. (2018). Plantar Stress - Related Injuries in Male Basketball Players: Variations on
Plantar Loads during Different Maximum - Effort Maneuvers. BioMed research international, 2018(1), 4523849.

Stetter, B. J., & Stein, T. (2024). Machine learning in biomechanics: Enhancing human movement analysis. In Artificial
Intelligence in Sports, Movement, and Health (pp. 139-160). Cham: Springer Nature Switzerland.

Amaro, C. M., Castro, M. A., Roseiro, L., Neto, M. A., & Amaro, A. M. (2020). Plantar pressure evaluation during the
season in five basketball movements. Applied Sciences, 10(23), 8691.

Li, F., Rupci¢, T., & Knjaz, D. (2021). The effect of fatigue on kinematics and kinetics of basketball dribbling with changes
of direction. Kinesiology, 53(2), 296-308.

Bloomfield, S. A. (2001). Cellular and molecular mechanisms for the bone response to mechanical loading. International
journal of sport nutrition and exercise metabolism, 11(s1), S128-S136.

Fry, A. C., Nicoll, J. X., & Olsen, L. A. (2020). Mechanotransduction Mechanisms of Hypertrophy and Performance with
Resistance Exercise. In The Routledge Handbook on Biochemistry of Exercise (pp. 85-111). Routledge.

Robling, A. G., Daly, R., Fuchs, R. K., & Burr, D. B. (2019). Mechanical adaptation. In Basic and applied bone biology (pp.
203-233). Academic Press.

Logerstedt, D. S., Ebert, J. R., MacLeod, T. D., Heiderscheit, B. C., Gabbett, T. J., & Eckenrode, B. J. (2022). Effects of and
Response to Mechanical Loading on the Knee. Sports Medicine, 52(2), 201-235.

Kjaer, M., & Magnusson, S. P. (2008). Mechanical adaptation and tissue remodeling. In Collagen: structure and mechanics
(pp. 249-267). Boston, MA: Springer US.

Isaacson, J., & Brotto, M. (2014). Physiology of mechanotransduction: how do muscle and bone “talk” to one another?.
Clinical reviews in bone and mineral metabolism, 12, 77-85.

Jones, C. M., Griffiths, P. C., & Mellalieu, S. D. (2017). Training load and fatigue marker associations with injury and
ilness: a systematic review of longitudinal studies. Sports medicine, 47, 943-974.

Brauner, T., Zwinzscher, M., & Sterzing, T. (2012). Basketball footwear requirements are dependent on playing position.
Footwear Science, 4(3), 191-198.

Wang, W. (2024). Numerical simulation of lower limb forces during basketball pivot movements investigating injury
prevention strategies. Molecular & Cellular Biomechanics, 21(3), 576-576.

Stetter, B. J., & Stein, T. (2024). Machine learning in biomechanics: Enhancing human movement analysis. In Artificial
Intelligence in Sports, Movement, and Health (pp. 139-160). Cham: Springer Nature Switzerland.

Chidambaram, S., Maheswaran, Y., Patel, K., Sounderajah, V., Hashimoto, D. A., Seastedt, K. P., ... & Darzi, A. (2022).
Using artificial intelligence-enhanced sensing and wearable technology in sports medicine and performance optimisation.
Sensors, 22(18), 6920.

18



