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Dear Editor,  
Anterior cruciate ligament (ACL) injury is one 

of the most common ligamentous disruptions in 

sports, with reconstruction rates exceeding 200,000 

annually worldwide [1]. While advances in fixation 

techniques and early mobilization protocols have 

markedly improved stability and short-term 

outcomes, deficits in symmetrical movement 

remain across graft types [2]. Subtle deviations in 

knee flexion, limb loading, and inter-limb 

coordination often persist years after surgery [3]. 

Restoration of mechanical integrity does not 

guarantee restoration of physiological function, 

emphasizing a crucial gap between structural 

success and biomechanical recovery. Choice of 

graft substantially affects donor-site morbidity, 

proprioceptive reintegration, and kinetic balance. 

Therefore, understanding graft specific 

biomechanical adaptations is important for 

interpreting postoperative locomotor recovery. This 

editorial synthesizes evidence on how graft type 

alters both biological integration and 

neuromuscular reorganization governing walking 

and running mechanics. 

 

Graft Construction and Healing Biology  

Each graft exhibits distinct histological and 

mechanical properties influencing healing and 

biomechanical expression: 

BPTB Autograft: Comprises central patellar 

tendon secured via bone plugs. Allows rapid bone-

to-bone integration, superior initial fixation [4]. 

However, anterior knee pain and extensor 

mechanism inhibition are frequent. 

Hamstring Autograft (STG): Provides higher 

elasticity and less anterior knee morbidity. Soft-

tissue-to-bone healing is slower, and donor-site 

weakness of medial hamstrings can persist [5]. 

Quadriceps Tendon Autograft: Larger cross-

sectional area, adjustable thickness, and reduced 

harvest pain relative to BPTB. Healing includes a 

mixed bone–tendon interface [6]. However, long 

term biomechanical outcomes remain relatively 

under studied, representing a valuable opportunity 

for future longitudinal research. 

Allograft: Variable mechanical reliability 

depending on processing (e.g., irradiation, freeze-

drying). Facilitates faster operating time but often 

slower remodeling and impaired proprioception [7]. 

 

Biomechanical Consequences for Walking 

Patterns 

Walking recovery depends on synchronization 

of quadriceps–hamstring activation. BTB grafts 

often cause diminished quadriceps torque, leading 

to compensatory hip extension strategies during 

stance [8]. Hamstring grafts may produce 

asymmetrical loading patterns because medial 

hamstring harvesting reduces restraint against tibial 

rotation [9]. Motion analysis studies illustrate that 

gait asymmetry persists even 12–24 months post 

reconstruction [10]. These alterations typically 
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include reduced stance phase knee flexion angles 

and decreased ground reaction force peaks. 

Electromyographic evidence suggests increased 

reliance on lateral stabilizing musculature. 

Together, these findings indicate that many patients 

achieve functional compensation rather than 

complete restoration of normal gait mechanics. 

 

Running Mechanics and High-Demand Function 

Running amplifies subtle gait discrepancies 

because of higher joint power demands. BTB 

reconstructions often show reduced knee extensor 

power generation and modified patellofemoral 

loading patterns [11]. Hamstring grafts demonstrate 

increased tibial rotation variability and altered hip 

to knee coordination during running tasks [12]. QT 

autografts appear to restore sagittal plane symmetry 

more rapidly than other grafts. However, the 

current evidence base is limited and mostly derived 

from small cohorts, highlighting the need for larger 

prospective studies [13]. Across graft types, elite 

athletes frequently display reduced stride efficiency 

and increased energetic cost for up to 18 months 

after surgery. Persistent biomechanical asymmetry 

may contribute to long term joint loading 

imbalance and increased risk of PTOA. 

 

Neurophysiological Perspective 

Mechanoreceptor disruption during graft 

harvesting influences afferent input to the central 

sensorimotor system [14]. BTB graft harvest affects 

patellar tendon Golgi organ signaling, while 

hamstring harvest reduces muscle spindle 

sensitivity to tibial rotation. Functional MRI studies 

show altered cortical representation of the operated 

limb up to two years post-surgery [15]. These 

neural adaptations likely contribute to persistent 

movement asymmetry despite restoration of 

ligament stability. 

 
Table 1. Comparative Overview of Common ACL Graft Types and Biomechanical Implications. 

Graft Type 
Mechanical 

Properties 
Healing Mode Donor-Site Effects 

Biomechanical 

Influence on 

Gait/Running 

Clinical Pros/Cons 

Patellar Tendon 

[4] 

High stiffness; 

direct bone 

plugging 

Bone-to-bone, 

rapid  

Anterior knee 

pain; quadriceps 

inhibition 

Reduced knee extensor 

moment and altered 

patellofemoral loading 

during stance phase. 

+Excellent fixation; 

−Higher anterior 

knee pain & 

hypoesthesia 

Hamstring [5] Moderate 

stiffness; good 

elasticity 

Tendon-to-bone, 

gradual 

incorporation 

Medial hamstring 

weakness; 

possible tibial IR 

increase 

Greater limb-loading 

asymmetry and 

increased reliance on 

lateral hamstring 

activation 

+Less anterior knee 

pain; −Slower graft 

integration 

Quadriceps 

Tendon [6] 

Largest cross-

section; high 

tensile strength 

Mixed 

bone/tendon 

interface 

Mild anterior 

thigh soreness, 

transient hip–

knee imbalance 

Relatively normal 

sagittal knee flexion 

during gait with 

improved movement 

symmetry. 

+Reduced anterior 

knee pain; 

−Limited long-term 

evidence 

Allograft [7] Depends on 

processing; 

potential 

stiffness loss 

Slower 

revascularization 

None (no donor-

site morbidity) 

Lower knee flexion 

moment and reduced 

proprioceptive feedback 

during locomotion. 

+Lower surgical 

trauma; −Slower 

healing; higher 

failure rate in 

young athletes 

 
Rehabilitation and Clinical Translation 

Understanding these graft-dependent 

biomechanics enables customized therapy: 

BTB: Progressive quadriceps loading, patellar 

mobilization, and eccentric knee extensor retraining 

[16]. 

HS: Emphasis on medial hamstring strength, 

proprioceptive retraining, and tibial rotation control 

drills [9]. 

QT: Hip-knee coordination exercises and 

dynamic quadriceps stretching to counter donor-site 

stiffness [17]. 

AL: Neuromuscular feedback training and 

delayed high-impact return due to slower graft 
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incorporation [18]. 

Integrating gait analysis and symmetry based 

rehabilitation algorithms may further enhance 

restoration of functional locomotion after ACL 

reconstruction. 

 

Limitations of Current Evidence 

Comparison studies frequently employ 

heterogeneous rehabilitation protocols and small 

sample sizes. Few investigations simultaneously 

integrate kinetic, kinematic, and neural parameters. 

Additionally, standardized gait metrics such as 

symmetry index or limb loading ratio are not 

consistently reported, limiting meta analytic 

interpretation. Future research should adopt unified 

biomechanical outcome measures to improve 

comparability across graft types. 

 

Future Directions 

Integrative frameworks combining 

biomechanical simulation with biological modeling 

could predict graft-specific adaptations. Machine 

learning applied to motion analysis may help 

stratify patients by risk of dysfunctional gait or 

secondary injury. Combining biomarkers of 

tendon–bone healing with locomotor biomechanics 

may ultimately enable precision based graft 

selection tailored to individual movement demands 

and sporting activity. 

 

Conclusion 
Graft selection in ACL reconstruction extends 

beyond structural ligament repair and influences the 

neuromuscular reorganization of locomotion. Each 

graft presents distinct mechanical and sensory 

consequences that shape walking and running 

symmetry. Recognizing these graft specific 

biomechanical adaptations may help bridge the gap 

between surgical success and true functional 

recovery. Future integration of quantitative 

biomechanics with surgical biology may enable 

clinicians to reconstruct not only the ligament but 

also the movement patterns essential for long term 

joint health. 
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