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Introduction: There are two traditional methods of femoral tunnel drilling
during anterior cruciate ligament reconstruction (ACLR), transtibial (TT) or
anteromedial portal (AM). However, both these approaches have specific
disadvantages. Recently, a new technique combining the advantages of both
approaches while avoiding their drawbacks has been developed, hybrid
transtibial (HTT). The aim of the present study was to compare the radiology
of the HTT and AM techniques in patients undergoing ACLR.

Methods: We retrospectively analysed the three-dimensional computed
tomography data of 31 patients who underwent ACLR (HTT and AM) at our
institution between 29 October 2019 and 6 February 2023. The distance
between the actual bone tunnel position and the standard anatomical
location was measured in both the anterior—posterior and superior—inferior
directions and expressed as a percentage. The spatial graft bending angle
between the tibial and femoral tunnels was evaluated using Mimics software.

Results: Thirty-one patients were included in the study: 12 and 19 in the AM and
HTT groups, respectively. Compared with the AM group (9.71+ 3.96,
9.37 4+ 3.41), the HTT group had significantly smaller percentage distances t%
(454 4+ 2.76) in the anterior and posterior directions, and percentage h%
(6.84 + 2.66) in the upward and downward directions (P =0.0002, P =0.0281).
The bending angles of the grafts in the AM and HTT groups were
103.794+8.49 and 11522 +9.72, respectively (P=0.002), and the AM
composition angle was more pronounced.

Conclusions: The HTT technique exhibits superior repeatability in femoral
tunnel drilling compared to the AM technique, facilitating more consistent
achievement of the optimal graft bone tunnel position. Moreover, the graft
bending angle observed with the AM technique is more pronounced than
with HTT, which likely increases the forces exerted on the graft at the shallow
edge of the tunnel aperture.
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1 Introduction

ACL rupture is one of the most common sports injuries
worldwide. The ACL is an important and stable structure of the
knee joint that mainly limits the anterior translation and
internal rotation of the tibia. Hence, patients with ACL injuries
can experience instability in the anterior translation and rotation
of the tibia (1).

ACLR surgery is commonly performed to treat ACL ruptures.
For ACLR surgery, there are two traditional methods of femoral
tunnel drilling: (1) establishing a femoral tunnel through the
TT; or (2) placing a femoral tunnel through the AM approach
(2). With regards to the two drilling methods, some scholars
believe that AM technique can achieve more anatomical ACLR,
which can improve the rotational stability and kinematics of the
knee joint to obtain better clinical results (3-7). However, while
obtaining anatomical femoral sites, this method faces technical
challenges, and the resulting bone tunnels are not ideal,
sometimes leading to excessively short tunnels or posterior wall
blowouts, which can compromise tunnel integrity and negatively
affect surgical outcomes (8, 9). This is in part due to the fact
that the knee joint must undergo excessive flexion with this
technique, making it difficult to obtain a familiar and consistent
view of the lateral wall of the incision during surgery (10). The
TT technique is surgically straightforward; however, it often
results in suboptimal anatomical positioning of the femoral-side
graft, which can compromise knee kinematics and lead to graft
failure or reduced stability (7). Recently, a new technique, HTT,
has been developed that combines the advantages of both the
TT and AM approaches to create anatomical femoral tunnel
sites without the need for excessive knee flexion, while
maintaining optimal tunnel length, integrity, and angulation (11).

An important goal of ACLR is to approximate the
reconstructed anatomical structure, and the location of the bone
tunnels is crucial for achieving approximate anatomical
reconstruction and postoperative efficacy (12-15). Although
there are many reasons for ACLR failure, bone tunnel-related
complications are among the most common (16). Literature
indicates that improper positioning of the tunnel can increase
the mechanical stress between the graft and tunnel (17). An
incorrect bone tunnel position is associated with poor patient-
reported results, knee joint loosening, transplant failure, and
revision (18-20). Although the HTT technique can create
anatomically compliant femoral tunnel sites compared with the
AM technique, previous studies have primarily focused on
positional accuracy without addressing the reproducibility of
tunnel placement. In this study, we found that the HTT
technique demonstrates better repeatability than the AM
technique, as indicated by smaller deviations from the standard
anatomical position, which may lead to more consistent
surgical outcomes.

Moreover, prior studies typically assessed graft angulation in
only the coronal and sagittal planes, which provides a limited
two-dimensional perspective. In contrast, we developed a novel,
convenient, and intuitive three-dimensional (3D) measurement
method using Mimics software to directly evaluate the spatial
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bending angle of the graft, offering a more accurate and realistic
reflection of graft orientation and biomechanics.

Hence, the aim of this study was to determine whether there is
a difference in repeatability between the AM and HTT techniques,
to provide orthopaedic surgeons with more reliable guidance
when selecting femoral tunnel

drilling methods during

ACL reconstruction.

2 Materials & methods
2.1 Patients

The study was approved by an appropriate institution and all
methods were performed in accordance with the relevant
guidelines and regulations. We retrospectively analysed the 3D-
computed tomography (CT) data of 31 patients who underwent
ACLR surgery using the AM (n=12) and HTT techniques
(n=19) from 29 October 2019 to 6 February 2023. All patients
included in the study underwent 3D-CT examination on the
first day after surgery, with all imaging performed with the knee
positioned at 0° Inclusion criteria included (1) a complete
transphyseal reconstruction using any graft source; (2) use of a
HTT, or AM femoral drilling technique; and (3) a clearly visible
physis or physeal scar. Exclusion criteria included (1) revision
ACL reconstruction, (2) multiligament knee reconstruction, (3)
any other femoral drilling techniques except those mentioned in
the inclusion criteria. All patients were operated on by two
orthopaedic doctors at the same institution, each using the AM
and HTT techniques. At the time of surgery, the tibial tunnel is
created with a starting point 30 mm distal to the tibia.

The starting point is located 30 mm distal and 15 mm medial
to the joint line. The tibial tunnel is created 15 mm medial to the
inner edge of the tibial tuberosity. A stiff guide wire is drilled
from this starting point into the center through the anterior
cruciate ligament of the tibia, then use a cannulated straight stiff
reamer. The femoral tunnel is then created using one of the
following techniques:

1. HTT technique: The method of preparing the tibial tunnel at
the beginning is similar to Jennings et al. (21). Unlike the
primary HTT, in this study, a 2.0 mm K-wire was placed
inside the tibia tunnel to reach the nearly isometric femoral
point, in order to ensure graft tension stability during knee
motion. Because the 2.0 mm Kirschner wire was thin and
flexible, it allowed for a greater adjustment space. Usually,
the 2.0 mm Kirschner wire allows for the tip to reach the
edge of the femoral site, but can not reach the center. Thus,
a vascular forceps was placed through the AM portal. Then,
the K-wire was clamped, pushed into the femoral site, and
tightened by a hammer. Although we did not have the
Pathfinder ACL Guide or flexible Guide Pin, we can still

HTT through this method. After

confirmation of correct placement, the femoral tunnel was

achieve technique

reamed with a 7.5 mm drill from the outside to the inside of

the joint and the LARS device was fixed at last. To
standardize surgical conditions and precisely define key
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concepts (11): (1) “Nearly isometric femoral point” in the HTT
technique was operationally defined as the position where graft
tension variation remained <2 mm during passive knee
motion (0°-120° flexion), identified by intraoperative tension
testing with a calibrated force probe. This point ensures
biomechanical stability while approximating the native ACL’s
functional behavior. (2) Knee flexion angles were strictly
controlled: HTT group: 90° flexion during K-wire placement.
AM group: 120° flexion during drilling.(3) Verification
protocol: Fluoroscopic imaging (+5° tolerance) and tension
measurements were documented for all cases.

Am technique: Similar to HTT technique, AM technique is
also positioned at the isometric femoral point. However, in
contrast to HTT, the drilling of the femoral tunnel is
accomplished via the AM portal.

To standardize intraoperative variables across both techniques, all
procedures adhered to strict protocols: (1) Flexion angles were
controlled using a calibrated goniometer—90° for femoral
drilling in the HTT group and 120° in the AM group, with graft
fixation at 20° for both; (2) Positioning consistency was ensured
via a knee holder (Smith & Nephew catalog #KN-2023) and
maintained arthroscopic fluid pressure at 50 mmHg; (3)
Verification of angles and tunnel placement was performed
intraoperatively with C-arm fluoroscopy, confirming adherence
+5° (4)
standardized, as all operations were conducted by two senior

within tolerance; and Surgeon expertise was

orthopedic surgeons, each with >4 years of specialized ACL

reconstruction experience, following identical institutional

10.3389/fsurg.2025.1594008

protocols. This comprehensive approach minimized technical
variability and ensured fair technique comparison.

2.2 Measurements

Using Mimics research software (version 19.0; Materialise,
Inc., Leuven, Belgium) for 3D reconstruction of CT data
(precise observation of bone tunnels in 3D views (22), the
femur was divided into two parts along the highest point of the
intercondylar ridge, and the lateral part was measured. Based on
previous research, we defined the standard site as approximately
40% of the proximal-to-distal distance of the lateral notch,
centered between the lateral intercondylar ridge and the
posterior articular margin (23). According to the Bernard
Quadrant method, the femur was scribed and the height(h)
between the midpoint of the actual bone tunnel and the
standard site in the anterior and posterior directions, as well as
the depth(t) in the upper and lower directions (24) (Figure 1)
were measured. These measurements were then converted into
percentages using the following formulas: h% =h/H and t% =t/
T, where H represents the total height (superior-inferior length)
of the lateral notch and T represents the total depth (anterior-
posterior length) of the lateral notch. However, because the
tibial bone tunnel was located based on the residual ACL, we
did not measure or analyse the tibial side. The measurement of
the curvature of the ACL graft is shown in Figure 2. In brief,

CT data were initially reconstructed in 3D using Mimics

FIGURE 1

invariant comparisons across patients.

Schematic diagram representing distance between midpoint of the actual bone tunnel and standard site (left: AM; right: HTT). The blue dot
represents the midpoint of the actual bone tunnel; the red dot represents the standard bone tunnel site of anteromedial portal; black dots are
the standard bone tunnel sites for hybrid transtibial. The morphometric reference framework defined H (superior-inferior height) and T (anterior-
posterior depth) as vertical and horizontal anatomical boundaries of the lateral femoral notch. Deviation was quantified by h (distance along
H-axis) and t (distance along T-axis) between the actual tunnel midpoint and standard site. Percentage normalization (h%, t%) enabled size-
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FIGURE 2

ACLR, anterior cruciate ligament reconstruction; 3D, three-dimensional.

Schematic diagram measuring the curvature of the ACLR graft in a 3D view. The green dot represents the position where the angle is measured.

software. The graft position was defined by the apertures of the
tibial tunnel, distal femoral tunnel, and proximal femoral tunnel.
Subsequently, the graft bending angle was measured accurately
using the software. All surgeries in this study were performed by
two orthopedic surgeons, each with over four years of
experience in anterior cruciate ligament reconstruction. Both
surgeons were highly proficient in both the AM and HTT
techniques and adhered to standardized surgical protocols at the
same institution. All measurements were conducted by two
experienced clinicians were blinded to the drilling method, with
reference to (25) for standard loci, and the average of the
measurement values was used for statistical analysis. Two
observers each performed measurements three times, and the
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average value was taken as the final result to minimize inter-
observer variability. Inter- and intra-observer reliability was
assessed using intraclass correlation coefficients(ICCs). Two
blinded clinicians performed measurements twice at 2-week
intervals. ICCs(model 2,1) were 0.91(95% CI: 0.85-0.95) for t%
distance and 0.89(95% CI: 0.82-0.93) for graft bending angles,
indicating excellent agreement.

2.3 Statistical analysis

All eligible patients at our institution were included in the
study; therefore, there was no prior calculation of the sample

frontiersin.org



Li et al.

size. Nevertheless, we compared our results with those of relevant
studies to evaluate the effect size of the study (26). The K-S test
was used to test the normality of the data, independent sample
t-tests were used for age, h, t, and angle, and the Fisher’s exact
probability test was used for classification of the data side and
sex. P-value less than 0.05 indicates statistical significance. A
post hoc power analysis was performed for the primary outcome
(anterior-posterior tunnel distance, t%) using G*Power 3.1.
Based on an assumed effect size of Cohen’s d=1.52 (a=0.05,
power =0.99), the estimated sample size required was 16
patients per group (total N=32) for an independent t-test.
Although the AM group included 12 patients (slightly below the
target), the actual effect size (d ~ 1.58) yielded a statistical power
>99%, confirming result robustness. Surgical side was analyzed
as a binary covariate (0: left knee, 1: right knee) to quantify
laterality effects. Multivariate linear regression models were
constructed to control for covariates (age, sex, surgical side).
Surgical side was encoded as a binary variable (0: left knee, 1:
right knee) per orthopedics research standards.

3 Results

Thirty-one patients who underwent ACLR surgery using the
AM and HTT techniques at [Masked for review] 29 October
2019 to 6 February 2023 were included in the present study.
The patients were divided into two groups: AM (n=12) and
HTT (n=19). The average age + standard deviation (SD) of the
AM and HTT groups were 31.58+6.58 and 30.05+8.57,
respectively. The number of surgical sides (left/right) was 2/10
and 9/10, respectively, for the AM and HTT groups. The sex
distribution (male/female) was 11/1 and 16/3, respectively, for
the AM and HTT groups. There were no statistically significant
differences in age, surgical side, and sex between the two groups
(P=0.602, 0.128, and 1.000, respectively). The two groups were
analysed using independent sample t-tests for age and Fisher’s
exact probability test for surgical side and sex (Table 1).

The means + SD of percentage distance t% in the anterior and
posterior directions of the AM and HTT groups were 9.71 +3.96
and 4.54 +2.76, respectively, and the means+ SD of percentage
distance h% in the upper and lower directions were 9.37 +3.41
and 6.84 +2.66, respectively. The mean gradient angles+ SD
were 103.79+8.49 and 115.22+9.72, respectively, in the AM
and HTT groups. There were statistically significant differences
between the two groups in terms of distance t, distance h, and

grade bonding angles (P=0.0002, 0.0281, and 0.002,
TABLE 1 Patient demographic and characteristics.
Characteristics = AM (n=12) = HTT (n=19) P Value
Age, mean = SD, y 31.58 +6.58 30.05 +8.57 0.602
Side, left/right, n 2/10 9/10 0.128
Sex, male/female, n 11/1 16/3 1.000

AM, anteromedial; HTT, hybrid transtibial; SD, standard deviation; T-test using
independent samples for age; Fisher’s exact probability test was used for gender and
surgical side (left/right).
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respectively) (Table 2). In the multivariate linear regression
analysis adjusted for age, sex, and surgical side (right vs. left),
surgical technique (HTT vs. AM) emerged as the sole significant
predictor for both t% distance and graft bending angle.
Specifically, HTT was associated with a 5.17% reduction in t%
distance [p=-5.17, 95% CI (-7.24, —3.10), P<0.001] and an
11.43° increase in graft bending angle [B=11.43, 95% CI (4.82,
18.04), P=0.001] compared to AM. None of the covariates—age
(B=0.04, P=0.78), sex (B=0.12, P=0.65), or surgical side
(B=0.08, P=0.41)—showed statistically significant associations
with either outcome. Notably, the absence of a significant effect
for surgical laterality (P>0.05) provides evidence supporting
anatomical symmetry in the outcomes of anterior cruciate
ligament (ACL) reconstruction. Regression analysis adjusting for
demographic and anatomic covariates confirmed technique-
dependent differences (Table 3).

4 Discussion

The main finding of this study was that the bone tunnel drilled
using HTT technique was closer to the standard site (whether in
the anterior and posterior or upward and downward directions)
than that drilled using AM This is
information for orthopaedic doctors that can inform their

technique. crucial
choice of drilling method, as it allows them to drill bone tunnels
that are more in line with standard sites. The femoral tunnel is
crucial for surgical efficacy. In terms of better function, doctors
have attempted to reproduce the anatomy as closely as possible
by drilling the femoral tunnel in the center of the native ACL
insertion (27, 28). However, in recent years, IEDAL or near
Isometric reconstruction have become more highly regarded by

TABLE 2 Tunnel and aperture characteristics.

Characteristics AM HTT P

(n=12) (n=19) | Value
t%, mean + SD 9.71 £ 3.96 4.54+2.76 0.0002
h%, mean + SD 9.37 £ 341 6.84 +2.66 0.0281
Mean graft bending angle + SD, 103.79 + 8.49 115.22+9.72 0.002
deg

AM, anteromedial; HTT, hybrid transtibial; SD, standard deviation; t = distance in the
anterior and posterior directions; h = distance in the upward and downward directions; T,
H (Figure 1); t% =t/T; h% = h/H. Using t-tests with independent samples, bold indicates
statistical significance (P <0.05).

TABLE 3 Multivariate linear regression analysis of factors influencing
tunnel positioning and graft angulation.

Variable t% distance Graft bending angle

(95% CI) P value
Technique (HTT vs. —5.17 (—=7.24, —3.10) <0.001
AM)
Age 0.04 (—0.25, 0.33) 0.78
Sex (male vs. female) 0.12 (—0.41, 0.65) 0.65
Side (right vs. left) 0.08 (—0.15, 0.31) 0.41

AM, anteromedial; HTT, hybrid transtibial; B, standardized regression coefficient; CI,
confidence interval. Bolded P values indicate statistical significance (P < 0.05).
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surgeons (29). The theory refers to tunnel placement such that the
distance between the tibial and femoral tunnel apertures remains
constant as the knee moves from extension to flexion.
Prospective clinical studies have shown that differences in
tunnel location can significantly affect the graft healing and the
clinical outcome scores (30). In the present study, the difference
between the two groups in the anterior and posterior directions
was more significant than the difference in the upper and lower
directions, which may be because orthopaedic surgeons use the
intercondylar spine as a reference in the upper and lower
directions when using arthroscopy for ACLR surgery, which
allows better evaluation of the position of the drilling hole.
Therefore, orthopaedic surgeons may need to pay more
attention to the position of the tunnel in the anterior and
posterior directions during surgery.

Another finding of this study is that 3D software can be used
to measure the bending angle of the graft easily and quickly.
Herein, we found that the spatial angulation of the grafts in the
AM group was significantly greater than that of the HTT group
(P <0.05). This is consistent with previous research showing that
increasing the bending angle of the graft can also increase the
force on the edge of the tunnel opening, which may be
detrimental to the prognosis of the graft (31).

The advantage of this study is that it measures the 3D angle of
the graft rather than the two-dimensional angle, which makes the
measurements more accurate, and moreover, the measurement
method is simple and easy to perform (11). Moreover, the
position of the bone tunnel also affects the graft bending angle.
During ACLR, as the knee flexion angle increases, the femoral
tunnel aperture moves anteriorly and distally, resulting in a
smaller graft bending angle (32). A study using computer
simulations reached a similar conclusion, indicating that placing
the femoral aperture more proximally can reduce the graft
bending angle without altering the anatomical position of the
femoral and tibial tunnels (33). Therefore, during surgery,
attention should be paid to maintaining an appropriate knee
flexion angle and to the positioning of the femoral
tunnel aperture.

Previous studies have demonstrated that the HTT technique
can achieve anatomically compliant femoral tunnel positioning
compared to the AM technique (11, 34). However, these studies
primarily focused on positional accuracy without addressing the
reproducibility of tunnel placement.In contrast, our study
highlights two key innovations. First, we quantitatively evaluated
the repeatability of femoral tunnel positioning, revealing that the
HTT technique offers superior consistency compared to the AM
technique. This that
predictable and surgical

suggests HTT may provide more

reliable outcomes. Second, we
developed a novel, convenient, and intuitive three-dimensional
(3D) measurement method using Mimics software to directly
assess graft curvature. Unlike prior assessments limited to
coronal and sagittal planes, our 3D approach offers a more
comprehensive and realistic evaluation of graft angulation and
biomechanics, which may have implications for graft maturation
and clinical results. By emphasizing these aspects, our work

advances the current understanding of ACL reconstruction
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techniques and provides valuable reference data for clinical
decision-making.

TT technique is widely used in ACLR (8). It has advantages,
such as low technical requirements, good cosmetic properties,
shorter surgical time, less surgical pain and complications, and
low risk of bone tunnel bursts (35-40). However, TT technique
also has many shortcomings, such as poor anatomical quality of
femoral side grafts, mismatched length of graft tunnels, enlarged
bone tunnels, inability to locate femoral tunnels separately,
rotational instability caused by vertical grafts, impact with the
posterior cruciate ligament, possible invasion of the posterior
cortex, graft displacement, and increased graft stress (36, 37,
40-44). The AM and TT technologies both have advantages and
disadvantages. AM technique can obtain more anatomical
transplant sites, and the tunnels on the tibial and femoral sides
can be placed independently, with screws placed in parallel,
allowing for flexible single- or double-bundle reconstruction,
preserving ACL stumps, and providing faster return to activity
compared to TT, with better stability in both anteroposterior
and rotational aspects (37, 39, 41, 44). However, the AM
technique has several drawbacks. A limited field of vision and
excessive flexion may cause tunnel enlargement (4, 30, 42, 45).
Compared to TT technique, the anteromedial (AM) technique
requires a higher level of surgical skill from the operator.
Reduced visualization during the anteromedial (AM) technique
implies that tunnel positioning relies more heavily on the
surgeon’s experience, which may contribute to its lower
reproducibility (46).

Given the many advantages and disadvantages of the TT and
AM technologies, a new technique, HTT, has been developed that
combines the advantages of these technologies while avoiding
their drawbacks. Finite element analysis showed that HTT
technique is a true hybrid of AM and TT techniques, which
avoids excessive knee flexion and maintains the direction and
length of the femoral canal, similar to TT technique, but also
achieves anatomical localisation of AM grafts (11, 21, 25). It is
generally accepted that HTT is an ideal choice for adolescent
ACLR. Compared with AM, HTT causes less damage to the
epiphysis and is more conducive to growth and development (26).

This study had some limitations. This was purely an imaging
study, and further research is required to determine whether there
is a difference in the reproducibility of HTT and AM drilling for
clinical efficacy. In addition, the isometric point positioning
method was employed during the surgical procedure to ensure
stable graft tension throughout knee joint motion; however, this
approach may influence the positioning of the bone tunnels.
Future studies should take this factor into consideration. This
imaging-focused study lacks clinical outcome correlation (e.g.,
Lysholm scores), limiting direct applicability. Future work
should link
reproducibility with functional recovery. Additionally, the

integrate long-term  follow-up to tunnel
isometric point targeting may influence anatomical positioning;
prospective designs should address this.

Although the post hoc power analysis confirmed that the
primary results had sufficient statistical power (>99%), the

relatively small sample size of the AM group (n=12) suggests
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that caution should be exercised when extrapolating these
findings. Future large-scale prospective studies are necessary to
further validate the conclusions of this research. In addition, the
null effects of surgical laterality (P>0.05) support anatomic
symmetry in ACL reconstruction outcomes.

5 Conclusion

The findings of this imaging study indicate that HTT
technique outperforms AM technique in terms of drilling
repeatability. It is more beneficial for beginners and artificial
ligament reconstruction. Moreover, the angularity of the AM
technique graft space was greater than that of the HTT
technique space.

Data availability statement

The datasets are available from the corresponding author on
reasonable request.

Ethics statement

The studies involving humans were approved by Research and
Teaching Department, Peking University Shenzhen Hospital
(Approval Code: 2023-143). The studies were conducted in
with  the
requirements. Written informed consent for participation was

accordance local legislation and institutional
not required from the participants or the participants’ legal
guardians/next of kin in accordance with the national legislation

and institutional requirements.

Author contributions

JL: Data curation, Conceptualization, Writing — original draft.
JW: Writing - original draft, Data curation, Conceptualization,
Software, Investigation, Methodology. QY: Conceptualization,

Methodology, Writing - review & editing, Investigation,
Software, Data curation. XH: Writing - review & editing,
Methodology,  Data  curation, Investigation,  Software,
Conceptualization.  YL:  Methodology,  Conceptualization,

Software, Investigation, Data curation, Writing - review &
editing. SY: Investigation, Writing — review & editing, Data
Methodology,
Methodology, Investigation, Conceptualization, Data curation,

curation, Software, Conceptualization. HL:
Software, Writing - review & editing. TY: Methodology,
Writing - review & editing, Supervision, Writing — original
draft, Formal analysis, Data curation, Project administration,
Funding acquisition.

Frontiers in Surgery

10.3389/fsurg.2025.1594008

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work was
partially supported by the Shenzhen Health Economics
Association (No. 202353), the Shenzhen Science and Technology
Innovation Committee Projects (No. JCYJ20220530160218040),
the Teaching Reform Research Project of Shenzhen University
(No. JG2022165), the General Program for Clinical Research at
Peking University Shenzhen Hospital (No. LCYJ2020005), the
Guangdong Sports Bureau (No. GDSS2020N002), the Natural
Science  Foundation of  Guangdong (No.
2017A030310616), the Shenzhen “San-Ming” Project of
Medicine (No. SZSM202211019), and the Medical Scientific
Research Foundation of Guangdong Province (No. A2017202

and A2024319).

Province

Acknowledgments

We would like to thank all participants in the study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures
in this article has been generated by Frontiers with the
support of artificial intelligence and reasonable efforts have
been made to ensure accuracy, including review by the
authors wherever possible. If you identify any issue please
contact us.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their
affiliated organizations, or those of the publisher, the
editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by its
manufacturer, is not

the publisher.

guaranteed or endorsed Dby

frontiersin.org



Li et al.

References

1. Kaplan DJ, Jazrawi LM. Secondary stabilizers of tibial rotation in the intact and
anterior cruciate ligament deficient knee. Clin Sports Med. (2018) 37(1):49-59.
doi: 10.1016/j.csm.2017.07.007

2. Haroun HK, Abouelsoud MM, Allam MR, Abdelwahab MM. Transtibial versus
independent femoral tunnel drilling techniques for anterior cruciate ligament
reconstruction: evaluation of femoral aperture positioning. J Orthop Surg Res.
(2022) 17(1):166. doi: 10.1186/s13018-022-03040-5

3. Li R, Li T, Zhang Q, Fu W, Li J. Comparison of clinical outcomes between
anteromedial and transtibial techniques of single-bundle anterior cruciate ligament
reconstruction: a systematic review and meta-analysis. ] Sports Sci Med. (2021) 20
(2):237-49. doi: 10.52082/jssm.2021.237

4. Eysturoy NH, Nielsen TG, Lind MC. Anteromedial portal drilling yielded better
survivorship of anterior cruciate ligament reconstructions when comparing recent
versus early surgeries with this technique. Arthroscopy. (2019) 35(1):182-9. doi: 10.
1016/j.arthro.2018.08.030

5. Feng H, Wang N, Xie D, Yang Z, Zeng C, Lei G, et al. Anteromedial portal
technique, but not outside-in technique, is superior to standard transtibial
technique in knee stability and functional recovery after anterior cruciate ligament
reconstruction: a network meta-analysis. Arthroscopy. (2023) 39(6):1515-25.
doi: 10.1016/j.arthro.2022.11.026

6. Moorthy V, Sayampanathan AA, Tan AHC. Superior postoperative stability and
functional outcomes with anteromedial versus transtibial technique of single-bundle
autologous hamstring anterior cruciate ligament reconstruction: a meta-analysis of
prospective randomized controlled trials. Arthroscopy. (2021) 37(1):328-37. doi: 10.
1016/j.arthro.2020.07.018

7. Clatworthy M, Sauer S, Roberts T. Transportal central femoral tunnel placement
has a significantly higher revision rate than transtibial AM femoral tunnel placement
in hamstring ACL reconstruction. Knee Surg Sports Traumatol Arthrosc. (2019)
27(1):124-9. doi: 10.1007/s00167-018-5036-x

8. Nakamura K, Nakamura T, Horie M, Katagiri H, Otabe K, Nakagawa Y, et al.
Anatomic femoral tunnel placement is difficult by the transtibial technique:
comparison of three different femoral tunnel drilling techniques in double-bundle
anterior cruciate ligament reconstructions. Knee Surg Sports Traumatol Arthrosc.
(2020) 28(2):584-93. doi: 10.1007/s00167-019-05740-8

9. Mitchell JJ, Dean CS, Chahla J, Menge TJ, Cram TR, LaPrade RF. Posterior wall
blowout in anterior cruciate ligament reconstruction: a review of anatomic and
surgical considerations. Orthop ] Sports Med. (2016) 4(6):2325967116652122.
doi: 10.1177/2325967116652122

10. Marmotti A, Biondi A, Bellato E, Mangiavini L, Ferrero G, Dettoni F, et al.
When math meets surgery: how to improve femoral interference screw alignment
in ACL reconstruction. A cadaveric study. J Biol Regul Homeost Agents. (2020) 34
(4 Suppl. 3):377-91.

11. Trofa DP, Saltzman BM, Corpus KT, Connor PM, Fleischli JE, Piasecki DP. A
hybrid transtibial technique combines the advantages of anteromedial portal and
transtibial approaches: a prospective randomized controlled trial. Am ] Sports Med.
(2020) 48(13):3200-7. doi: 10.1177/0363546520956645

12. de Mees TTCR, Reijman M, Waarsing JH, Meuffels DE. Posteriorly positioned
femoral grafts decrease long-term failure in anterior cruciate ligament reconstruction,
femoral and tibial graft positions did not affect long-term reported outcome. Knee
Surg Sports Traumatol Arthrosc. (2022) 30(6):2003-13. doi: 10.1007/s00167-022-06871-1

13. Chiba D, Yamamoto Y, Kimura Y, Sasaki S, Tsuda E, Ishibashi Y. Combination
of anterior tibial and femoral tunnels makes the signal intensity of antero-medial
graft higher in double-bundle anterior cruciate ligament reconstruction. Knee Surg
Sports Traumatol Arthrosc. (2021) 29(3):783-92. doi: 10.1007/s00167-020-06014-4

14. Teraoka T, Hashimoto Y, Takahashi S, Yamasaki S, Nishida Y, Nakamura H.
The relationship between graft intensity on MRI and tibial tunnel placement in
anatomical double-bundle ACL reconstruction. Eur ] Orthop Surg Traumatol.
(2019) 29(8):1749-58. doi: 10.1007/s00590-019-02518-z

15. Jurkonis R, Gudas R, Smailys A. Influence of graft diameter on functional
outcomes after anterior cruciate ligament reconstruction: a prospective study with
a 1-year follow-up. Med Sci Monit. (2018) 24:4339-45. doi: 10.12659/MSM.908212

16. Wolfson TS, Mannino B, Owens BD, Waterman BR, Alaia M]. Tunnel
management in revision anterior cruciate ligament reconstruction: current
concepts. Am ] Sports Med. (2023) 51(2):545-56. doi: 10.1177/03635465211045705

17. Balaji G, Yadav G, Patel SA, Ramesh A, Nema S, Ramalingam T. Accuracy of
femoral tunnel placement between anteromedial and anterolateral visualisation
portals in anterior cruciate ligament reconstruction - outcomes of a CT based
cross-sectional study. Malays Orthop J. (2023) 17(2):7-12. doi: 10.5704/M0OJ.2307.002

18. Jorge PB, Escudeiro D, Severino NR, Santili C, de Paula Leite Cury R, Junior
AD, et al. Positioning of the femoral tunnel in anterior cruciate ligament
reconstruction: functional anatomical reconstruction. BMJ Open Sport Exerc Med.
(2018) 4(1):2000420. doi: 10.1136/bmjsem-2018-000420

19. Bhatia S, Korth K, Van Thiel GS, Gupta D, Cole BJ, Bach BR Jr, Verma NN.
Effect of reamer design on posteriorization of the tibial tunnel during endoscopic

Frontiers in Surgery

10.3389/fsurg.2025.1594008

transtibial anterior cruciate ligament reconstruction. Am J Sports Med. (2013) 41
(6):1282-9. doi: 10.1177/0363546513483534

20. Mhaskar VA, Jain Y, Soni P, Fiske R, Maheshwari J. How important is the
tunnel position in outcomes post-ACL reconstruction: a 3D CT-based study.
Indian ] Orthop. (2021) 56(2):312-8. doi: 10.1007/s43465-021-00485-4

21. Jennings JK, Leas DP, Fleischli JE, D’Alessandro DF, Peindl RD, Piasecki DP.
Transtibial versus anteromedial portal ACL reconstruction: is a hybrid approach
the best? Orthop ] Sports Med. (2017) 5(8):2325967117719857. doi: 10.1177/
2325967117719857

22. Choi NH, Lee SJ, Park SC, Victoroff BN. Comparison of postoperative tunnel
widening after hamstring anterior cruciate ligament reconstructions between
anatomic and nonanatomic femoral tunnels. Arthroscopy. (2020) 36(4):1105-11.
doi: 10.1016/j.arthro.2019.10.021

23. Burnham JM, Malempati CS, Carpiaux A, Ireland ML, Johnson DL. Anatomic
femoral and tibial tunnel placement during anterior cruciate ligament reconstruction:
anteromedial portal all-inside and outside-in techniques. Arthrosc Tech. (2017) 6(2):
€275-82. doi: 10.1016/j.eats.2016.09.035

24. Li ], Yang J, Xu Z, Wang W. Comparison of the quadrant method measuring
four points and bernard method in femoral tunnel position evaluation on 3-
dimensional reconstructed computed tomography after anatomical single-bundle
anterior cruciate ligament reconstruction. BMC Musculoskelet Disord. (2024) 25
(1):558. doi: 10.1186/s12891-024-07678-6

25. Saltzman BM, Wang S, Habet NA, Hong IS, Trofa DP, Meade JD, et al. The
hybrid transtibial technique for femoral tunnel drilling in anterior cruciate
ligament reconstruction: a finite element analysis model of graft bending angles
and peak graft stresses in comparison with transtibial and anteromedial portal
techniques. J Am Acad Orthop Surg. (2022) 30(18):e1195-206. doi: 10.5435/
JAAOS-D-21-00883

26. Jarvis DL, Vance DD, Reinke EK, Riboh JC. Hybrid transtibial femoral
preparation for transphyseal anterior cruciate ligament reconstruction: a
radiographic comparison with the transtibial and anteromedial portal techniques.
Orthop ] Sports Med. (2021) 9(11):23259671211054509. doi: 10.1177/
23259671211054509

27. Kim §J, Song SY, Kim TS, Kim YS, Jang SW, Seo YJ. Creating a femoral tunnel
aperture at the anteromedial footprint versus the central footprint in ACL
reconstruction: comparison of contact stress patterns. Orthop ] Sports Med. (2021)
9(4):23259671211001802. doi: 10.1177/23259671211001802

28.Nam VT, Nang VSQ, Hiéu PT, Minh HN, Quynh PB, Ding TT, DD Toan.
Location of the anatomic footprint centers of the anterior cruciate ligament
determined by quadrant method on three-dimensional magnetic resonance
imaging. Indian ] Orthop. (2024) 58(11):1650-6. doi: 10.1007/s43465-024-
01234-z

29. Wan F, Chen T, Ge Y, Zhang P, Chen S. Effect of nearly isometric ACL
reconstruction on graft-tunnel motion: a quantitative clinical study. Orthop J Sports
Med. (2019) 7(12):2325967119890382. doi: 10.1177/2325967119890382

30. Loucas M, Loucas R, D’Ambrosi R, Hantes ME. Clinical and radiological
outcomes of anteromedial portal versus transtibial technique in ACL
reconstruction: a systematic review. Orthop ] Sports Med. (2021) 9
(7):23259671211024591. doi: 10.1177/23259671211024591

31. Saito M, Nakajima A, Sonobe M, Takahashi H, Akatsu Y, Inaoka T, et al.
Superior graft maturation after anatomical double-bundle anterior cruciate
ligament reconstruction using the transtibial drilling technique compared to the
transportal technique. Knee Surg Sports Traumatol Arthrosc. (2019) 27(8):2468-77.
doi: 10.1007/s00167-018-5240-8

32. Chung K, Choi CH, Kim SH, Kim SJ, Choi HC, Jung M. Influence of knee
flexion angle on graft bending angle during anterior cruciate ligament
reconstruction using the transportal technique. Sci Rep. (2023) 13(1):13638.
doi: 10.1038/s41598-023-41002-x

33. Tashiro Y, Irarrazaval S, Osaki K, Iwamoto Y, Fu FH. Comparison of graft
bending angle during knee motion after outside-in, trans-portal and trans-tibial
anterior cruciate ligament reconstruction. Knee Surg Sports Traumatol Arthrosc.
(2017) 25(1):129-37. doi: 10.1007/s00167-016-4191-1

34. Yafiez R, Silvestre R, Roby M, Neira A, Azar C, Madera S, et al. Finite element
graft stress for anteromedial portal, transtibial, and hybrid transtibial femoral
drillings under anterior translation and medial rotation: an exploratory study. Sci
Rep. (2024) 14(1):11922. doi: 10.1038/s41598-024-61061-y

35. Vijayan S, Kyalakond H, Kulkarni MS, Aroor MN, Shetty S, Bhat V, et al.
Clinical outcome of anterior cruciate ligament reconstruction with modified
transtibial and anteromedial portal. Musculoskelet Surg. (2023) 107(1):37-45.
doi: 10.1007/s12306-021-00727-6

36. An BJ, Wang YT, Zhao Z, Wang MX, Xing GY. Comparative study of the
clinical efficacy of all-inside and traditional techniques in anterior cruciate
ligament reconstruction. World ] Clin Cases. (2023) 11(14):3195-203. doi: 10.
12998/wjcc.v11.i14.3195

frontiersin.org


https://doi.org/10.1016/j.csm.2017.07.007
https://doi.org/10.1186/s13018-022-03040-5
https://doi.org/10.52082/jssm.2021.237
https://doi.org/10.1016/j.arthro.2018.08.030
https://doi.org/10.1016/j.arthro.2018.08.030
https://doi.org/10.1016/j.arthro.2022.11.026
https://doi.org/10.1016/j.arthro.2020.07.018
https://doi.org/10.1016/j.arthro.2020.07.018
https://doi.org/10.1007/s00167-018-5036-x
https://doi.org/10.1007/s00167-019-05740-8
https://doi.org/10.1177/2325967116652122
https://doi.org/10.1177/0363546520956645
https://doi.org/10.1007/s00167-022-06871-1
https://doi.org/10.1007/s00167-020-06014-4
https://doi.org/10.1007/s00590-019-02518-z
https://doi.org/10.12659/MSM.908212
https://doi.org/10.1177/03635465211045705
https://doi.org/10.5704/MOJ.2307.002
https://doi.org/10.1136/bmjsem-2018-000420
https://doi.org/10.1177/0363546513483534
https://doi.org/10.1007/s43465-021-00485-4
https://doi.org/10.1177/2325967117719857
https://doi.org/10.1177/2325967117719857
https://doi.org/10.1016/j.arthro.2019.10.021
https://doi.org/10.1016/j.eats.2016.09.035
https://doi.org/10.1186/s12891-024-07678-6
https://doi.org/10.5435/JAAOS-D-21-00883
https://doi.org/10.5435/JAAOS-D-21-00883
https://doi.org/10.1177/23259671211054509
https://doi.org/10.1177/23259671211054509
https://doi.org/10.1177/23259671211001802
https://doi.org/10.1007/s43465-024-01234-z
https://doi.org/10.1007/s43465-024-01234-z
https://doi.org/10.1177/2325967119890382
https://doi.org/10.1177/23259671211024591
https://doi.org/10.1007/s00167-018-5240-8
https://doi.org/10.1038/s41598-023-41002-x
https://doi.org/10.1007/s00167-016-4191-1
https://doi.org/10.1038/s41598-024-61061-y
https://doi.org/10.1007/s12306-021-00727-6
https://doi.org/10.12998/wjcc.v11.i14.3195
https://doi.org/10.12998/wjcc.v11.i14.3195

Li et al.

37. Selim NM, Badawy ER, Youssef K. Freehand anatomic transtibial single-bundle
anterior cruciate ligament reconstruction. Arthrosc Tech. (2022) 11(2):e229-39.
doi: 10.1016/j.eats.2021.10.013

38. Geng Y, Gai P. Comparison of 2 femoral tunnel drilling techniques in
anterior  cruciate ligament reconstruction. A  prospective randomized
comparative study. BMC Musculoskelet Disord. (2018) 19(1):454. doi: 10.1186/
s12891-018-2376-0

39. Liu C, Wang Y, Li Z, Li ], Zhang H, Fu Y, et al. Tibiofemoral joint contact area
and stress after single-bundle anterior cruciate ligament reconstruction with
transtibial versus anteromedial portal drilling techniques. J Orthop Surg Res. (2018)
13(1):247. doi: 10.1186/s13018-018-0956-1

40. Kouloumentas P, Kavroudakis E, Charalampidis E, Kavroudakis D,
Triantafyllopoulos GK. Superior knee flexor strength at 2 years with all-inside
short-graft anterior cruciate ligament reconstruction vs a conventional hamstring
technique. Knee Surg Sports Traumatol Arthrosc. (2019) 27(11):3592-8. doi: 10.
1007/s00167-019-05456-9

41. Alomar AZ, Baltow B, AlMogbil I. Effect of anteromedial portal
location on femoral tunnel inclination, length, and location in hamstring
autograft-based single-bundle anterior cruciate ligament reconstruction: a
prospective study. Knee Surg Relat Res. (2023) 35(1):26. doi: 10.1186/s43019-
023-00202-5

Frontiers in Surgery

09

10.3389/fsurg.2025.1594008

42. Kosy JD, Walmsley K, Sharma AD, Gordon EA, Heddon SV, Anaspure R, et al.
A comparison of femoral tunnel placement in ACL reconstruction using a 70°
arthroscope through the anterolateral portal versus a 30° arthroscope through the
anteromedial portal: a pilot 3D-CT study. Knee Surg Relat Res. (2020) 32(1):17.
doi: 10.1186/543019-020-00037-4

43. Choi CH, Kim SJ, Chun YM, Kim S H, Lee SK, Eom NK, et al. Influence of knee
flexion angle and transverse drill angle on creation of femoral tunnels in double-
bundle anterior cruciate ligament reconstruction using the transportal technique:
three-dimensional computed tomography simulation analysis. Knee. (2018) 25
(1):99-108. doi: 10.1016/j.knee.2017.09.005

44. Wang H, Fleischli JE, Zheng NN. Transtibial versus anteromedial portal
technique in single-bundle anterior cruciate ligament reconstruction: outcomes of
knee joint kinematics during walking. Am ] Sports Med. (2013) 41(8):1847-56.
doi: 10.1177/0363546513490663

45. Schillhammer CK, Lubowitz JH. Advantages and disadvantages of transtibial,
anteromedial portal, and outside-in femoral tunnel drilling in single-bundle
anterior cruciate ligament reconstruction: a systematic review. Arthroscopy. (2015)
31(7):1412-7. doi: 10.1016/j.arthro.2015.01.018

46. Patel KA, Chhabra A, Makovicka JL, Bingham J, Piasecki DP, Hartigan DE.
Anterior cruciate ligament tunnel placement using the pathfinder guide. Arthrosc
Tech. (2017) 6(4):e1291-6. doi: 10.1016/j.eats.2017.05.009

frontiersin.org


https://doi.org/10.1016/j.eats.2021.10.013
https://doi.org/10.1186/s12891-018-2376-0
https://doi.org/10.1186/s12891-018-2376-0
https://doi.org/10.1186/s13018-018-0956-1
https://doi.org/10.1007/s00167-019-05456-9
https://doi.org/10.1007/s00167-019-05456-9
https://doi.org/10.1186/s43019-023-00202-5
https://doi.org/10.1186/s43019-023-00202-5
https://doi.org/10.1186/s43019-020-00037-4
https://doi.org/10.1016/j.knee.2017.09.005
https://doi.org/10.1177/0363546513490663
https://doi.org/10.1016/j.arthro.2015.01.018
https://doi.org/10.1016/j.eats.2017.05.009

	Superior reproducibility and femoral tunnel angulation with hybrid transtibial vs. anteromedial portal techniques in ACL reconstruction: a retrospective case-control study
	Introduction
	Materials  methods
	Patients
	Measurements
	Statistical analysis

	Results
	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


