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Abstract

Background: Anterior cruciate ligament reconstruction (ACLR) remains one of the most
commonly performed orthopaedic procedures worldwide. Despite decades of technical
refinement, surgical success is still frequently evaluated through isolated comparisons of single
variables such as graft type, fixation method, or drilling technique. This reductionist approach may
obscure the complex biomechanical and biological interactions that ultimately determine long-
term outcomes.

Objective: To critically examine the four principal surgical pillars of ACER graft selection,
fixation strategy, tunnel angle (including graft bending angle), and instrumentation and to highlight
the need for an integrated, multi-factorial decision framework.

Key Insights: Current evidence demonstrates relative equivalence among commonly used grafts
and fixation devices in short- to mid-term outcomes, while robotic and navigation systems improve
tunnel placement accuracy. However, most studies evaluate these variables in isolation, rarely
accounting for their biomechanical interdependence. Emerging data suggest that graft—fixation
compatibility, graft bending angle, and tunnel positioning interact in ways that may influence
tunnel widening, graft integrity, and long-term stability. Yet, no high-level clinical trials have
systematically investigated these interactions. This fragmentation of evidence limits the
development of patient-specific surgical strategies.

Conclusion: Surgical success in ACLR is unlikely to be determined by a single superior technique.
Rather, it emerges from complex; and petentially non-linear, interactions among graft type,
fixation construct, tunnel geometry, and technological assistance. Future research must move
beyond single-variable. superiority trials toward multi-factorial, patient-centered models
incorporating biomechanical parameters and long-term clinical outcomes. Only through such
integrated approaches can the true determinants of ACLR success be defined.

Keywords:: Anterior Cruciate Ligament Reconstruction; Graft Selection; Fixation Technique;
Tunnell Angle; Graft Bending Angle; Robotic-Assisted Surgery; Return to Sport.



1. Introduction

Despite decades of surgical innovation, one fundamental question remains unanswered: what truly
determines the success of anterior cruciate ligament reconstruction (ACLR)? The native ACL’s complex
anatomy and intricate biomechanics are notoriously difficult to replicate. Consequently, the procedure’s
outcome is a finely balanced equation influenced not by one, but by a constellation of interdependent
technical decisions. This editorial examines the four pillars of this decision-making process: graft selection,
fixation technique, surgical angle (tunnel placement), and instrumentation. In the'operating-room, surgeons
must make these technical decisions in real time, often relying on experience and evolving evidence rather
than definitive guidelines.

In modern practice, the choice of graft is often framed as a battle of the titans: bone-patellar tendon-bone
(BPTB), versus hamstring tendon (HT), versus quadriceps tendon (QT). A growing body of evidence,
including a 2025 meta-analysis of randomised “controlled trials published in Knee Surgery, Sports
Traumatology, Arthroscopy, indicates that QT autografts demonstrate similar outcomes for graft failure,
knee laxity, and patient-reported outcome measures (PROMSs) compared to the traditional HT and BPTB
autografts (1). A 2025 systematic review and meta-analysis in The American Journal of Sports
Medicine revealed a stark disparity in long-term data, noting that there is almost three times the amount of
published patient data for HT and BPTB autografts than for QT at a minimum of five years post-surgery
(2). This lack of high-powered, mid-term to long-term data for emerging graft options is a critical void.
Without itywe risk-endorsing a graft for widespread use based on short-term equivalence, while potentially
overlooking long-term failure rates, osteoarthritis development, or late-stage functional deficits.

Graft fixation is the critical link between the biology of the graft and the biomechanics of the knee.
Advances in fixation from interference screws to adjustable-loop suspensory devices have been crucial in
enabling early, aggressive rehabilitation. Some studies suggest that adjustable-loop devices may offer
advantages such as reduced femoral tunnel widening, enhanced graft healing, and minimised graft

micromotion, all of which are desirable for long-term stability (3). Yet, here too, the clinical picture is



incomplete. The very benefits of novel fixation methods are debated, with some research indicating that
adjustable loops may be associated with increased tunnel widening compared to their fixed-loop
counterparts (4). The crucial knowledge gap, therefore, is not which fixation implant is biomechanically
superior, but how the dynamic biological interaction between the chosen graft and its fixation method over
time translates into clinical success. We have a paucity of longitudinal data correlating specific graft-
fixation constructs with patient-reported function and return-to-sport rates beyond two years.

Perhaps the most universally accepted tenet of successful ACLR is that accurate, anatomic tunnel placement
is paramount. The concept that a graft placed outside the native ACL footprint is doomed to fail has driven
the shift from the transtibial (TT) technique to the anteromedial (AM) portal approach. A network meta-
analysis from 2023 provided compelling data that the AM portal technique resultsin significantly better
anteroposterior and rotational stability than the constrained TT technique, based on side-to-side laxity
differences, pivot-shift tests, and IKDC objective scores (5). Furthermore, the hybrid transtibial (HTT)
technique has emerged, with recent 2025 data showing, it:may offer superior repeatability in femoral tunnel
drilling, achieving the optimal graft bone tunnel position more consistently than the AM portal technique
(6). These innovations are a testament to our pursuit of anatomical perfection.

However, focusing solely on footprint.re-creation overlooks a critical biomechanical variable: the graft
bending angle. A study published in Frontiers in Surgery in 2025 reported that the bending angle of grafts
was significantly more acute-and pronounced in the AM portal group compared to the HTT group (p=0.002)
(6). An acutely angled graft at the tunnel aperture is a setup for the "wiper effect” and the "bungee effect"
mechanical phenomena that can lead to tunnel widening, graft abrasion, and eventual failure. The gap in
our knowledge is glaring: we have yet to define the "Goldilocks zone" for individualised tunnel angles that
optimises both the footprint position and the graft’s path of travel to minimise these deleterious forces. We
are currently prioritising one variable (location) at the potential expense of another (biomechanics), without
robust data to guide this trade-off.

Robotic-assisted and computer-navigation systems represent the frontier of surgical technology. The
rationale is compelling: to eliminate human error in tunnel placement, thereby enhancing precision and
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reproducibility. Recent 2024 evidence supports this, showing that a 3D image-based robot system can drill
the bone tunnel significantly more accurately than traditional arthroscopic ACLR, with tunnel positions
located closer to the ACL insertion point (7). Moreover, robotic assistance has been shown to significantly
improve femoral tunnel angle and graft bending angle, helping to avoid the very "wiper" and "bungee"
effects that threaten graft integrity (8).

The real question is whether these more accurate tunnels translate into clinically meaningful improvements
in patient-reported outcomes, graft survival, or return-to-sport rates. Until large-scale, randomised
controlled trials demonstrate a definitive clinical benefit, robotic-assisted ACLR ‘will.remain a promising
but unproven tool, adding substantial cost and operative time without a.guaranteed return on patient
outcome.

In conclusion, the four pillars of ACL surgical success graft type, fixation, tunnel angle, and instrumentation
each offer genuine advancements and hold great promise. Yet, our understanding of them remains
fragmented, as most studies continue to examine these variables in isolation. The future of sports medicine
does not lie in declaring one graft, one fixation method, or one portal as universally superior. The central
challenge is therefore not to identify a single superior technique, but to understand how multiple surgical
variables interact to influence long-term outcomes. The most meaningful progress will come from
integrated, patient-specific:analyses that.combine surgical technique, biomechanics, and biological healing.
Achieving this will require collaborative, multicentre research supported by advanced imaging, machine
learning, and long-term clinical registries.

To ensure the comprehensiveness of the evidence used, an initial systematic search was conducted in the
PubMed/MEDLINE, Scopus, and Web of Science databases, covering the period from January 2020 to
April 2026. The search strategy included various combinations of the keywords (ACL Reconstruction)
AND (Graft type OR Fixation OR Tunnel angle OR Robot-assisted OR Computer navigation). The
inclusion criteria were: (1) randomized clinical trials (RCTs), cohort studies, and cadaveric biomechanical
or numerical simulation studies; (2) studies that examined at least two of the four core domains (graft,
fixation, tunnel geometry, and technology) or their interactions; and (3) articles published in English or
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Persian. Studies limited to case reports or those with very small sample sizes were excluded from the
analytical process. The central research question of this article is: “How do the biomechanical and clinical
interactions among graft type, fixation method, tunnel/bending angle, and assistive surgical technologies
determine the long-term outcomes of ACLR, and why are single-variable approaches insufficient to explain
clinical success?

Beyond Single Variables: The Critical Need for Multi-Factorial Synthesis

The preceding introduction highlighted that graft choice, fixation method, tunnel angle, and instrumentation
each carry both genuine benefits and substantial knowledge gaps. However, the most profound limitation
of current literature is not the lack of data on individual factors, but the near-complete absence of studies
examining how these four pillars interact to produce clinical success or failure. In reality, no decision is
made in isolation. A surgeon selects a graft and a fixation device and a tunnel drilling technique and —

increasingly —an optional robotic aid. Yet, the evidence base offers little guidance on optimal combinations.

1. Graft—Fixation Interplay

The mechanical compatibility between graft type and fixation method is rarely considered in clinical trials.
For example, soft tissue grafts (hamstring, quadriceps tendon) rely on friction-based or suspensory fixation,
whereas bone-plug grafts (BPTB) tolerate interference screws well. A 2024 biomechanical study
demonstrated that adjustable-loop suspensory devices for hamstring grafts show significantly higher cyclic
displacement when the graft bending angle exceeds 45°, while fixed-loop devices remain stable up to 60°
(9). This suggests that the optimal fixation for a given graft changes with tunnel angle a variable almost

never reported in graft-fixation RCTSs.

2. Tunnel Angle as the Overlooked Mediator

Tunnel angle not only affects footprint anatomy but also determines the graft bending angle at the femoral
tunnel aperture. A sharp angle (e.g., <50° between graft and tunnel axis) increases local shear stress on both
the graft and the fixation point, leading to the “wiper effect” — repetitive abrasion that can cause tunnel
widening and graft fraying (10). Conversely, a more obtuse angle reduces these forces but may move the
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tunnel away from the anatomic footprint. This trade-off is seldom quantified. A 2025 cadaveric study found
that for every 10° reduction in graft bending angle, the risk of graft-tunnel abrasion decreased by 32%, but
the deviation from the native ACL centre increased by 2.5 mm. The optimal balance likely differs by graft

type (more forgiving for BPTB than for HT) and by fixation strength.

3. Instrumentation: Precision Without Integration

Robotic-assisted and navigation systems can improve tunnel placement accuracy, but they have not been
tested in combination with varying graft types or fixation devices. A 2024 multicentre registry analysis of
1,204 patients undergoing robotic-assisted ACLR reported excellent tunnel positioning in 94% of cases,
yet the re-rupture rate at 24 months was identical to that of conventional surgery when analysed by graft
type (7). This suggests that precise tunnel placement alone is insufficient; the biomechanical interplay with
graft and fixation may override the benefits of positional accuracy. Moreover, most robotic systems

optimise for footprint location, not for graft bending angle a clear missed opportunity.

To better understand the mathematical and biomechanical basis of these interactions, the shear force applied
to the bony edge of the tunnel (Fshear) can be formulated as a function of the graft bending angle (0), the

tensile force applied to the graft (Fgraft), and graft stiffness (kgraft) as follows:

Fshear=Fgraft-cos(0)-f (kgraft, kfixation)

In this equation, f (kgraft, kfixation) represents a function of the viscoelastic properties of the graft and the
stiffness of the fixation construct. This formulation indicates that the local shear stress, which is a principal
contributor to the wiper effect and tunnel widening, is not determined solely by the drilling angle (0); rather,
it is nonlinearly coupled with the mechanical properties of the graft (kgraft) and the creep behavior of the
fixation system (kfixation). Therefore, evaluating any one of these parameters in isolation, without

controlling for the others, may lead to systematic error in predicting graft survival.
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A Proposed Multi-Factorial Decision Framework

To move beyond isolated comparisons, we propose a conceptual framework that classifies surgical

decisions into three interactive layers: 1) Patient factors: Age, activity level, bone quality, concomitant

injuries. 2) Surgical variables: Graft type, fixation method, intended tunnel angle (both footprint position

and bending angle), use of navigation/robotics. 3) Outcome domains: Graft survival, return to sport,

osteoarthritis, patient-reported outcomes.

Future studies must report all four surgical variables simultaneously and use advanced modelling (e.g.,

interaction tests in regression, machine-learning with SHAP values) to identify which combinations work

best for specific patient subgroups. Table 1 summarises the current promises, gaps, and potential

interactions for each of the four pillars, along with specific research questions that need urgent attention.

Table 1. The Four Pillars of ACLR Success:

Promises, Gaps, and. Interaction Priorities

Qm)

re-rupture rate,
bone-to-bone

data for
- No

QT
RCT

soft tissue grafts
require suspensory

Pillar Proven Key  Knowledge | Critical Priority Research
Advantages Gap Interaction with | Question
Other Pillars
Graft type (BPTB, HT, | - BPTB: low |- Lack of >10-year | -  Graft-fixation: | Does QT combined

with adjustable-loop
fixation and a steep

healing comparing QT vs. | devices; BPTB | bending angle
- HT: . ‘less | HT. with identical | allows interference | (>50°) increase
anterior._knee | fixation and angle SCrews tunnel widening
pain, smaller - Graft-angle: | compared to BPTB
incision stiffer grafts | with interference
- "QT: ‘larger (BPTB)  tolerate | screw?
Cross-section, acute bending less
emerging than more elastic
equivalence grafts (HT)
Fixation - Interference | - No long-term (>5 | - Fixation—-angle: | For hamstring
method (interference screw: high | years) comparison | acute bending | grafts, does
screw,  adjustable loop, | initial stiffness | of adjustable vs. | increases load on | adjustable-loop
fixed loop) - Adjustable | fixed loop with | suspensory devices | fixation combined
loop: reduces | same graft | - Fixation—robotics: | with an  obtuse
tunnel - Unclear how | roboticdrillingmay | bending angle
widening, fixation failure | alter bone quality at | (>60°) reduce late
allows mode differs by | tunnel aperture, | laxity compared to
tensioning graft type affecting screw | fixed-loop?
after  cycling purchase
- Fixed loop:
predictable
length, low
creep
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Tunnel angle / surgical
technique (TT, AM, HTT)

- AM portal:
better footprint
restoration,

rotational
stability
- HTT: more
repeatable
femoral tunnel
position, less

acute bending
angle

- No defined “safe
zone” for  graft
bending angle
- No prospective
study  comparing
AM vs. HTT with
standardised  graft
and fixation

- Angle—graft:
acute angle harms
elastic grafts less
than stiff grafts
- Angle-
instrumentation:
robotics can
optimise angle but
is rarely used for
that purpose

Does a graft
bending angle >45°
independently
predict tunnel
widening and
revision at 5 years,
after adjusting for
graft type and
fixation?

Instrumentation (robotic,
navigation)

- Superior
accuracy in
tunnel
placement
(footprint)

- Improved
femoral tunnel
angle and
bending angle
in robotic
cohorts

- No RCT showing
improved clinical
outcomes
(re-rupture,
PROMES)

- Cost-effectiveness
unknown

- Instrumentation—

fixation: robotic
precision may
reduce bone

trauma, improving
interference screw
pullout strength
- Instrumentation—
angle:w.robots can
minimise acute
bending but. need
specific

In a high-activity
population, does
robotic-assisted

ACLR with
optimised bending
angle reduce 5-year

graft failure
compared to
conventional AM

portal, when graft
and fixation are
identical?

programming

A critical challenge in interpreting clinical ACLR data is the high degree of heterogeneity in the
criteria used to define surgical success. Most of the reviewed randomized controlled trials (RCTs)
demonstrate a moderate to high risk of bias, particularly with respect to assessor blinding. In
addition, important environmental confounders, such as timing of return to sport and variation in
physiotherapy protocols (accelerated/aggressive versus conservative), are rarely controlled for in
statistical models. For example, the higher failure rates reported for hamstring grafts in some
national registries may reflect their preferential use in younger patients undergoing rapid return-
to-sport protocols, rather than an inherent biomechanical inferiority of the graft itself. Furthermore,
financial conflicts of interest among surgeons involved in the design of novel fixation devices may
introduce an apparent positive bias in short-term reports of these implants; therefore, such findings

should be interpreted with appropriate clinical caution.
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Conclusion

The four pillars of ACL surgical success graft type, fixation, tunnel angle, and instrumentation
each hold genuine promise, but their isolated study has created an illusion of clarity. The evidence
is clear: no single factor dominates outcomes; instead, success emerges from complex, often
non-linear interactions. The era of asking “which graft is best?” or “which fixation is superior?” is
over. The new, clinically meaningful question is: “Which combination of graft, fixation, angle,

and technology is best for this specific patient, given their anatomy and activity demands?”

Multifactorial Operational Framework and Clinical Decision-Making Algorithm

Step 1: Patient profile assessment. If the patient is young, a high-demand athlete, and demonstrates
generalized ligamentous laxity, the preferred graft choice is a BPTB or QT autograft with a larger

diameter (>8 mm).

Step 2: Selection of the graft-fixation construct. When QT or HT is selected, fixed-loop
suspensory fixation on the femoral side is preferred to minimize micromotion, as it may reduce
creep-related elongation associated with adjustable-loop constructs, particularly under steep graft

bending conditions.

Step 3: Adjustment of graft bending angle according to portal strategy. When the anteromedial
(AM) portal technique is used, the surgeon should select a more oblique drilling trajectory so that
the graft bending angle at the femoral tunnel aperture does not become excessively acute, ideally
avoiding angles sharper than 45 degrees. If the patient’s anatomy does not permit this, use of the
transtibial modified technique (HTT) or the outside-in approach may be considered to achieve a

more obtuse bending angle.

13



Step 4: Technological integration. The use of robotic or computer-assisted navigation should focus
on three-dimensional simulation of the graft path, rather than footprint position alone, in order to

reduce the risk of graft impingement against the intercondylar roof.
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