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Abstract 

Background  The aim of the present study was to identify potential race- or gender-specific differences in anterior 
cruciate ligament (ACL) tibial footprint location from the tibia anatomical coordinate system (tACS) origin, investigate 
the distances from the tibial footprint to the anterior root of the lateral meniscus (ARLM) and the medial tibial spine 
(MTS), determine how reliable the ARLM and MTS can be in locating the ACL tibial footprint, and assess the risk of 
iatrogenic ARLM injuries caused by using reamers with various diameters (7–10 mm).

Patients and methods  Magnetic resonance images of 91 Chinese and 91 Caucasian subjects were used for the 
reconstruction of three-dimensional (3D) tibial and ACL tibial footprint models. The anatomical coordinate system 
was applied to reflect the anatomical locations of scanned samples.

Results  The average anteroposterior (A/P) tibial footprint location was 17.1 ± 2.3 mm and 20.0 ± 3.4 mm in Chinese 
and Caucasians, respectively (P < .001). The average mediolateral (M/L) tibial footprint location was 34.2 ± 2.4 mm and 
37.4 ± 3.6 mm in Chinese and Caucasians, respectively (P < .001). The average difference between men and women 
was 2 mm in Chinese and 3.1 mm in Caucasians. The safe zone for tibial tunnel reaming to avoid ARLM injury was 
2.2 mm and 1.9 mm away from the central tibial footprint in the Chinese and Caucasians, respectively. The probabil‑
ity of damaging the ARLM by using reamers with various diameters ranged from 0% for Chinese males with a 7 mm 
reamer to 30% in Caucasian females with a 10 mm reamer.

Conclusions  The significant race- and gender-specific differences in the ACL tibial footprint should be taken in con‑
sideration during anatomic ACL reconstruction. The ARLM and MTS are reliable intraoperative landmarks for identify‑
ing the tibial ACL footprint. Caucasians and females might be more prone to iatrogenic ARLM injury.
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Introduction
It is estimated that more than 2 million ACL ruptures 
occur worldwide every year [1, 2]. The main concept of 
anatomic ACL reconstruction is to restore the native 
ACL attachments and function, thereby achieving bet-
ter clinical outcomes than nonanatomic ACL recon-
struction [3, 4]. Accurate tunnel placement requires an 
excellent knowledge of the ACL attachment anatomy. 
Despite extensive literature describing the location of 
the femoral footprint [5–7], tibial-insertion-related 
data are limited and mostly based on small-sized cadav-
eric studies focusing on elderly unpaired subjects from 
a single ethnic background and using two-dimensional 
techniques [8–11].

More importantly, anatomical studies on ACL tib-
ial attachment in the Chinese population seem to be 
inadequate, even though a large number of ACL inju-
ries occur annually in China. Moreover, the placement 
of the tibial tunnel for anatomic single-bundle ACL 
reconstruction was developed based on the anatomi-
cal features of the Caucasian population [5, 12–15]. So, 
understanding the differences in ACL tibial footprint 
between Chinese and Caucasian populations may help 
surgeons to develop ethnically specific surgical strate-
gies to achieve satisfactory outcomes. The spatial dis-
tribution of the ARLM and MTS should be investigated 
based on a large sample of the Chinese population so 
that the tibial tunnel in Chinese patients can be iden-
tified and iatrogenic ARLM injury prevented. Further-
more, reliable landmarks are necessary to guide the 
surgeon during tibial tunnel reaming, especially in the 
setting of revision surgeries, where the ACL stump is 
not available.

Since several race- and gender-specific anatomical 
differences in healthy knees have been described [16], 
it was assumed that the ACL tibial footprint in Chinese 
differs significantly from that in Caucasian individuals. 
Thus, the aims of the present study were (1) to inves-
tigate the three-dimensional morphological differences 
in ACL tibial attachment between Chinese and Cauca-
sian individuals with intact ACLs, (2) to determine the 
spatial distributions of the ARLM and MTS in differ-
ent racial populations; (3) to examine the reliability of 
ARLM and MTS for determining tibial tunnel place-
ment, and (4) to calculate the percentages of iatrogenic 
injuries to the ARLM caused by reamers with various 
diameters, which allows the safe zone to avoid damage 
to the ARLM to be defined.

Materials and methods
Patient selection and study design
After the approval of the ethics committees, we obtained 
the informed consent of 91 Chinese and 91 Caucasian 
patients with intact ACLs to review their medical records 
and the magnetic resonance imaging (MRI) database. The 
subjects were healthy people who participated in a physi-
cal examination between 2019 and 2022. Since 91 Cauca-
sian subjects (61 men, 30 women) were seen for physical 
examinations during this period, we used a random sam-
pling method to select 91 Chinese subjects from the same 
period. The average ages of the Chinese and Caucasian 
groups were 25.3 and 25.8 years old (p = 0.2533), and the 
average body mass index (BMI) values were 22.5  kg/m2 
and 22.7  kg/m2 (p = 0.6976), respectively. The inclusion 
criteria were an age of less than 45 years and intact ACLs. 
Exclusion criteria included lateral meniscus anterior root 
tears, previous surgery, symptoms in the affected knee, or 
a poor-quality MRI image that could not be used to iden-
tify and reconstruct the ACL footprint.

Magnetic resonance parameters and protocols
Three-dimensional (3D) MRI, a method proven to deliver 
clearer, more accurate results [17], was used to obtain a 
vivid reflection of the ACL. All enrolled subjects were 
scanned by a 3.0-T MRI system with fully extended knees 
(Skyra; Siemens). Proton density 3D fast spin-echo vol-
ume sequences (PD space) were applied to collect images 
(slice thickness: 0.50  mm, voxel size: 0.3 × 0.3 × 0.5  mm) 
(Fig. 1a). Amira 6.5 FEI SVG (Thermo Fisher, USA) was 
used to reconstruct a 3D model of the tibia containing 
the meniscus according to a proven and publicly available 
method [18] (Fig.  1b). Reconstruction of the ACL tibial 
attachment area was performed using a validated and 
published method [19, 20]. The measurement of param-
eters related to the tibial models was completed by MAT-
LAB 2014.

Concept of the proximal tibial coordinate system
The tibial anatomical coordinate system (tACS) was 
developed based on a previously published method [21, 
22]. The medial and lateral tibial plateaus were best fit-
ted and two fitted ellipses were generated. The mediolat-
eral (M/L) axis was parallel to the line connecting the two 
fitted ellipses. The anteroposterior (A/P) axis was per-
pendicular to both the M/L axis and the proximal tibial 
long axis. The width and depth of the tibial plateau were 
defined as the maximum distances in the M/L and A/P 
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directions, respectively. The origin of the coordinate sys-
tem was located at the most anteromedial point of the 
grid (Fig. 1b).

Description of measurement indicators
The coordinates of the central tibial footprint were rep-
resented by the distances of the footprint from the origin 
in the M/L and A/P directions. As shown in Stäuebli and 
Rauschning’s method [10], the normalized location of the 
tibial footprint corresponded to the distances in the M/L 
and A/P directions separated by the width and depth of 
the tibial plateau, respectively. The distances from the 
tibial footprint to the ARLM and MTS were also meas-
ured in the M/L and A/P directions. Positive values rep-
resented more anterior and lateral positions.

Adjustment of normalized locations for consistency 
analysis
To find out whether the distances from the different 
reference points (ARLM, MTS, and tACS) to the ACL 
footprint center were statistically highly consistent, 
the parameters were adjusted as follows. Regarding the 
ARLM, the adjusted location of the normalized tibial 
footprint equaled the distance from the normalized 
ARLM location to the origin minus the distance from 
the normalized ARLM location to the tibial footprint in 
the A/P and M/L directions, respectively (Fig. 2). Simi-
larly, for the MTS, the adjusted location of the normal-
ized A/P tibial footprint equaled the distance from the 
normalized A/P MTS location to the origin minus the 
distance from the normalized A/P MTS location to the 
tibial footprint (Fig. 3), and the adjusted location of the 

Fig. 1  a 3D MRI clearly showing the ACL in three orientations. The ACL tibial footprint location is marked with an orange star. b Three-dimensional 
surface models of the right tibia and the tibial footprint area were reconstructed. The anatomical coordinate system of the tibia (tACS) was also 
created. The origin is shown with a black dot, and the medial/lateral axis connecting the centers of the best-fitted ellipses on the articular surfaces 
of the medial and lateral tibial plateaus is shown with a blue line. The anterior/posterior axis is shown with a red arrow. Within the best-fitted plane, 
a bounding box was defined by the depth and width of the tibial plateau. The origin of the tACS was then moved to the most anterior and medial 
point of the bounding box
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normalized M/L tibial footprint equaled the distance 
from the normalized M/L MTS location to the origin 
plus the distance from the normalized M/L MTS loca-
tion to the tibial footprint (Fig. 3).

Risk assessment of ARLM injury
With the tibial footprint center of each subject taken 
as the center, concentric ellipses with short axes (r) of 
3.5 mm, 4 mm, 4.5 mm, and 5 mm were drawn to sim-
ulate reamers with various diameters. The long axis of 
the ellipse (R) was dependent on the drilling angle of the 
tibial tunnel, and was a certain formula relating R and r: 
R = r/sin(tunnel angle) [53]. Based on literature reports 
and our surgical experience, we set the tibial tunnel angle 
to 50° [53, 54]. Since surgeons also choose different angles 
between the drill and the tibial sagittal plane, the direc-
tion of the long axis of the elliptic opening on the tibial 
plateau is variable. Therefore, if the distance between the 
footprint center and ARLM was less than the axis length 
of the ellipse (including the long and short axes), it was 
judged as indicating an ARLM injury. Furthermore, the 
risk of damage to the ARLM was between the probabili-
ties caused by the two different lengths (r and R) (Figs. 4a, 
b, 5a, b).

Reliability analysis
The ARLM, ACL footprint, and the MTS were sketched 
manually on the original images. The intra- and inter-
observer reliabilities of these parameters were assessed 
based on single-measure intraclass correlation coeffi-
cients (ICCs) by two physicians (Zhang and Lee) who did 
not know anything about the study subjects.

Statistical analysis
G*Power version 3.1 (Franz Faul, Uni Kiel, Germany) was 
used in the post-hoc power analysis for statistical power 
(1 − β) estimation, with a medium effect size and a = 0.05. 
The Kolmogorov–Smirnov test was conducted to inspect 
the sample normality. If the sample was well fitted by a 
normal distribution, we used the two-sided t-test. Oth-
erwise, Wilcoxon’s signed-rank test was required for 
non-parametric statistics. Bland–Altman plots were uti-
lized to analyze the consistency between the tibial attach-
ment positions with reference to the ARLM, MTS, and 
the origin of the coordinate system [23]. Additionally, 
the correlation between the tibial attachment positions 
determined by the ARLM, MTS, and the origin of the 
tACS was analyzed with the Pearson correlation coef-
ficient. SPSS software (version 23, IBM Inc., Chicago, 
IL, USA) was used to perform all data analyses. A result 
with p < 0.05 was considered statistically significant. The 
safety zone for preventing damage to the ARLM caused 
by reamers with different radii during the tibial tunnel 
expansion was the average distance from the ARLM to 
the tibial attachment center minus double the standard 
deviation.

Fig. 2  Axial view of a right knee demonstrating the normalized tibial 
ACL footprint location in Chinese (red dot) and Caucasian (blue dot) 
patients in the A/P and M/L directions. The most posteromedial point 
of the ARLM is indicated by a yellow dot. The adjusted normalized 
A/P (blue arrow) and M/L (dashed blue arrow) tibial footprint locations 
according to the ARLM were defined as the average normalized A/P 
(yellow arrow) and M/L (dashed yellow arrow) distances of the ARLM 
from the origin of the tACS minus the normalized A/P (red arrow) and 
M/L (dashed red arrow) distances of the tibial footprint from the ARLM, 
respectively. ACL anterior cruciate ligament, ARLM anterior root of the 
lateral meniscus, A/P anteroposterior, M/L mediolateral, tACS tibial 
anatomical coordinate system

Fig. 3  Axial view of a right knee demonstrating the normalized 
tibial ACL footprint location in Chinese (red dot) and Caucasian (blue 
dot) patients in the A/P and M/L directions. The peak of the MTS is 
shown with a green dot. The adjusted normalized A/P tibial footprint 
location according to the MTS (blue arrow) was defined as the 
average normalized A/P distance of the MTS from the origin of the 
tACS (yellow arrow) minus the normalized A/P distance of the tibial 
footprint from the MTS (red arrow). The adjusted normalized M/L 
tibial footprint location according to the MTS (dashed blue arrow) was 
defined as the average normalized M/L distance of the MTS from 
the origin of the tACS (dashed yellow arrow) plus the normalized A/P 
distance of the tibial footprint from the MTS (dashed red arrow). ACL 
anterior cruciate ligament, A/P anteroposterior, MTS medial tibial 
spine, M/L mediolateral, tACS tibial anatomical coordinate system
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Results
Power analysis and reliability analysis
The statistical power needed to identify differences in the 
locations of the tibial footprint between Chinese (n = 91) 
and Caucasians (n = 91) was 91.6%. The intra- and inter-
observer ICCs of all the groups fell within the range 
0.80–0.95.

Tibial footprint position with respect to the origin 
of the tACS
The average depth and width of the tibial plateau in 
Chinese were 54.3 ± 4.2 mm and 75.7 ± 5.8 mm, respec-
tively; for Caucasians, the results were 56.7 ± 5.2  mm 

and 78.1 ± 6.6  mm. In terms of racial differences, the 
location of the tibial footprint in the Chinese popula-
tion was 17.1 ± 2.3  mm and 34.2 ± 2.4  mm of the tib-
ial plateau depth and width on average, respectively 
(Table 1). In the Caucasian population, the tibial attach-
ment was located at 20.0 ± 3.4 mm and 37.4 ± 3.6 mm of 
the tibial plateau width and depth on average, respec-
tively (Table  1). In terms of gender differences, the 
tibial footprint was located at a depth of 17.7 ± 2.6 mm 
and a width of 35.7 ± 1.8 mm in Chinese males, and at 
a depth of 15.7 ± 1.8 mm and a width of 31.7 ± 1.7 mm 
in Chinese females (Table  2). For the Caucasian pop-
ulation, the tibial footprint was located at a depth 
of 21.0 ± 3.2  mm and a width of 39.0 ± 2.9  mm in 

Fig. 4  Two diagrams showing the relationship between the ARLM and reamers with different diameters. The orange dots indicate the positions 
of the ARLMs. The red and blue dots represent the centers of the ACL tibial footprints. The gray circle, blue circle, green circle, and red circle represent 
tunnel areas with diameters of 7 mm, 8 mm, 9 mm, and 10 mm, respectively

Fig. 5  A Sagittal view of a 50° tibial tunnel, and the opening lengths formed by reamers with different diameters (R is the long axis of the elliptical 
tunnel opening). B Axial view of the tibial tunnel opening (red ellipse). R =  r/sin(50°)
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Caucasian males, and a depth of 17.9 ± 2.4  mm and a 
width of 34.2 ± 2.6 mm in Caucasian females (Table 3).

Tibial footprint position with respect to the ARLM
The A/P tibial footprint in Chinese and Caucasians was 
located at an average of 1.4 ± 2.1  mm and 1.2 ± 2.3  mm 
anterior to the ARLM, respectively (p = 0.403). The M/L 
tibial footprint in the studied population was situated at 
an average of 8.2 ± 3.0 mm and 6.7 ± 2.4 mm medial to the 
ARLM, respectively (p < 0.001) (Table 1). To avoid dam-
aging the ARLM, the safety zone for Chinese patients was 

2.2 mm lateral to the footprint center and 1.9 mm lateral 
to the footprint center in Caucasians.

Tibial footprint position with respect to the MTS
The A/P tibial footprint in Chinese and Caucasians was 
situated at an average of 13.2 ± 2.8 mm and 11.6 ± 2.1 mm 
anterior to the MTS, respectively (p < 0.001). The M/L 
tibial footprint in Chinese and Caucasians was located 
at an average of 4.3 ± 1.5 mm and 5.2 ± 2.4 mm medial to 
the MTS, respectively (p = 0.011) (Table 1).

Table 1  The average anatomical location of the tibial ACL footprint in Chinese and Caucasians

ACL anterior cruciate ligament, A/P anteroposterior, M/L mediolateral, ARLM Anterior root of the lateral meniscus, MTS medial tibial spine, tACS tibial anatomical 
coordinate system

* 0.01 < P < 0.05; **, 0.001 < P< 0.01; ***, P < 0.001

Reference point Measurement direction and units ACL footprint location (mean ± sd) P value

Chinese Caucasian

tACS A/P (mm) 17.1 ± 2.3 20.0 ± 3.4  < 0.001***

M/L (mm) 34.2 ± 2.4 37.4 ± 3.6  < 0.001***

Normalized A/P (%) 31.5 ± 4.2 35.3 ± 6.0  < 0.001***

Normalized M/L (%) 45.2 ± 3.2 47.9 ± 4.6  < 0.001***

Posteromedial ARLM A/P (mm) 1.4 ± 2.1 1.2 ± 2.3  = 0.543

M/L (mm) 8.2 ± 3.0 6.7 ± 2.4  < 0.001***

Normalized A/P (%) 2.6 ± 3.9 2.1 ± 4.1  = 0.403

Normalized M/L (%) 10.8 ± 4.0 8.6 ± 3.1  < 0.001***

Peak of MTS A/P (mm) 13.2 ± 2.8 11.6 ± 2.1  < 0.001***

M/L (mm) 4.3 ± 1.5 5.2 ± 2.4  = 0.003**

Normalized A/P (%) 24.3 ± 5.2 20.5 ± 3.7  < 0.001***

Normalized M/L (%) 5.7 ± 2.0 6.7 ± 3.1  = 0.011*

Table 2  The average anatomical location of the tibial ACL footprint in Chinese males and females

ACL anterior cruciate ligament, A/P anteroposterior, M/L mediolateral, ARLM anterior root of the lateral meniscus, MTS medial tibial spine, tACS tibial anatomical 
coordinate system

* 0.01 < P < 0.05; ** 0.001 < P < 0.01; *** P < 0.001

Reference point Measurement direction and 
units

ACL footprint location (mean ± sd) P value

Chinese males Chinese females

tACS A/P (mm) 17.7 ± 2.6 15.7 ± 1.8  < 0.001***

M/L (mm) 35.7 ± 1.8 31.7 ± 1.7  < 0.001***

Normalized A/P (%) 32.1 ± 4.7 30.0 ± 3.4  = 0.034*

Normalized M/L (%) 45.7 ± 2.3 44.6 ± 2.4  = 0.042**

Posteromedial ARLM A/P (mm) 0.9 ± 2.0 2.1 ± 2.1  = 0.012*

M/L (mm) 9.4 ± 2.9 6.4 ± 2.2  < 0.001***

Normalized A/P (%) 1.6 ± 3.6 4.0 ± 4.0  = 0.008**

Normalized M/L (%) 15.7 ± 3.3 9.0 ± 3.1  < 0.001***

Peak of MTS A/P (mm) 13.6 ± 2.9 12.7 ± 2.6  = 0.141

M/L (mm) 4.7 ± 1.3 4.6 ± 1.4  = 0.749

Normalized A/P (%) 24.6 ± 5.3 24.2 ± 5.0  = 0.727

Normalized M/L (%) 6.0 ± 1.7 6.5 ± 2.0  = 0.246
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Consistency between the tibial footprint positions 
referencing the ARLM, MTS, and tACS
According to the result of the Bland–Altman plot, the 
consistency of the M/L and A/P tibial attachment posi-
tions obtained when the ARLM and tACS were used 
as reference points was quantified as an average bias 
of −  1.7% (95% limits of agreement: −  9.8 to 6.2%) 
and 0.001% (95% limits of agreement: −  5.2 to 5.2%), 
respectively. Similarly, the consistency of the M/L and 
A/P tibial footprint positions obtained when the MTS 
and tACS were used as reference points was quantified 
as an average bias of 0.006% (95% limits of agreement: 
−  3.9 to 3.9%) and 0.003% (95% limits of agreement: 
−  7.4 to 7.4%), respectively. The Pearson’s correlation 
coefficients between the tibial footprint positions ref-
erencing the ARLM and tACS were r = 0.61 (p < 0.001) 
and r = 0.80 (p < 0.001), while those between the tibial 
footprint locations referencing the MTS and tACS 
were r = 0.51 (p < 0.001) and r  = 0.86 (p < 0.001).

Risk of iatrogenic ARLM injury with different reamers
The results showed that Caucasians and females were 
more prone to ARLM injury during the reaming of 
the tibial tunnel. The risk of ARLM injury when using 
reamers with various diameters ranged from 0% for 
Chinese males with a 7 mm reamer to 70% in Cauca-
sian females with a 10 mm reamer. The risk was almost 
2–5 times higher for Caucasians than for Chinese, and 
2–3 times higher for females than for males (Table 4).

Discussion
The most important finding of the present study was that 
significant race- and gender-specific differences exist 
regarding the location of the tibial ACL footprint. Fur-
thermore, the MTS and ARLM may be reliable arthro-
scopic landmarks for identifying the tibial ACL footprint. 
The safe zone for tibial tunnel reaming to avoid ARLM 
injury was 2.2  mm and 1.9  mm from the central tibial 
footprint in Chinese and Caucasians, respectively. The 
probability of damaging the ARLM by using reamers with 
various diameters ranged from 0% for Chinese males 
with a 7 mm reamer to 70% in Caucasian females with a 
10 mm reamer when the tunnel is drilled at a 50° angle.

For ACL single-bundle reconstruction surgery, the cur-
rent surgical strategy is to pinpoint the anatomical center 
of the tibial footprint [24–26, 50, 51]. Edwards et  al. 
[27] and Staübli et al. [10] reported cadaveric studies in 
which the tibial attachment was situated at 17 ± 5  mm 
(36.0% ± 5.0%) and 21 ± 2.6 mm (41.2%) in the A/P direc-
tion and at 37 ± 4 mm (46.3% ± 5.0%) in the M/L direction 
on average, respectively. The results obtained in the pre-
sent study were similar to theirs (Tables 1, 2, and 3), but 
the normalized location was more anterior and medial 
in the Chinese group, especially in females. According to 
previous research findings [9, 28, 29], the anterior medial 
bundle is vital for maintaining the anterior stability of the 
knee joint. A more anterior and medial tunnel tremen-
dously increases the risk of graft rupture. Our results 
may explain why Chinese and female athletes were more 
vulnerable to ACL injuries [30–35, 52]. Meanwhile, the 

Table 3  The average anatomical location of the tibial ACL footprint in Caucasian males and females

ACL anterior cruciate ligament, A/P anteroposterior, M/L mediolateral, ARLM anterior root of the lateral meniscus, MTS medial tibial spine, tACS tibial anatomical 
coordinate system

* 0.01 < P < 0.05; ** 0.001 < P < 0.01; *** P < 0.001

Reference point Measurement direction and 
units

ACL footprint location (mean ± sd) P value

Caucasian males Caucasian females

tACS A/P (mm) 21.0 ± 3.2 17.9 ± 2.4  < 0.001***

M/L (mm) 39.0 ± 2.9 34.2 ± 2.6  < 0.001***

Normalized A/P (%) 35.8 ± 5.5 34.0 ± 4.6  = 0.106

Normalized M/L (%) 48.0 ± 3.6 47.7 ± 3.6  = 0.711

Posteromedial ARLM A/P (mm) 1.1 ± 2.4 1.2 ± 2.2  = 0.844

M/L (mm) 7.4 ± 2.3 5.3 ± 2.2  < 0.001***

Normalized A/P (%) 1.9 ± 4.1 2.2 ± 4.2  = 0.749

Normalized M/L (%) 9.1 ± 2.8 7.4 ± 3.1  = 0.014*

Peak of MTS A/P (mm) 11.6 ± 2.0 11.7 ± 2.4  = 0.844

M/L (mm) 5.2 ± 2.4 5.2 ± 2.4  = 0.970

Normalized A/P (%) 19.8 ± 3.4 22.2 ± 4.6  = 0.015*

Normalized M/L (%) 6.4 ± 3.0 7.3 ± 3.3  = 0.214
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statistical differences in Tables 1 and 2 suggest that eth-
nicity and gender may be important factors in locating 
the tibial tunnel, which might have been underestimated 
by surgeons for a long time.

Finding suitable intraoperative landmarks to use to 
locate the tibial tunnel holds the key to this surgery, espe-
cially when the ACL stump is not available (for exam-
ple, after revision and conservative treatment failure). 
Edwards et  al. [27] considered the MTS to be a reliable 
landmark only in the M/L direction, and the average 
distance from the tibial attachment to the MTS was 
5.0 ± 1.0  mm. Kassam et  al. [36] reported that, in their 
study of two-dimensional MRI images, the tibial attach-
ment was situated 0.1  mm posterior to the ARLM on 
average. Having observed 20 unpaired knee specimens, 
Zantop et al. [37] summarized that the AM bundle center 
was in alignment with the ARLM while the PL bundle 
center was 11.2 ± 1.2  mm posterior and 4.1 ± 0.6  mm 
medial to the ARLM. After studying 8 knee joints from 
cadaveric specimens with an average age of 65.8  years, 
Ferretti et  al. [38] pointed out that the MTS was a reli-
able landmark only in the A/P direction, and the location 
of the tibial attachment center was 5.7 ± 1.1 mm anterior 
to the MTS on average. However, they believed that the 
relationship between the ARLM and the ACL footprint 
was variable. Hutchinson et al. [39] reported that, in their 
study of 42 coupled cadaver knees, the distance between 
the posterior edge of the tibial attachment and the MTS 
was 8.8 ± 2.0  mm on average. In the present study, we 
confirmed that both the ARLM and the MTS are reliable 
landmarks for locating the ACL tibial tunnel. In particu-
lar, the ARLM is an easily identifiable anatomical land-
mark under the arthroscope, suggesting that it could be 
used as a more available intraoperative indicator in ana-
tomical single-bundle ACL reconstruction.

According to previous studies [40, 41], the minor 
axis of the native tibial footprint (5.2 ± 0.4  mm) was far 
shorter than the tunnel diameter. The ARLM attachment 
forming the lateral edge of the tibial footprint is vulner-
able to damage [42, 43]. Iatrogenic injury may disinte-
grate the ARLM attachment, compromise the strength 
of the ARLM attachment site, and eventually accelerate 
the degeneration of the knee joints [44, 45]. Watson et al. 
[46] announced that the risk of ARLM injury caused by a 
10-mm reamer was 66%. Oishi et al. [47] noted that ream-
ing the tunnel with a 10-mm reamer resulted in damage 
to 21.7% of the ARLMs in specimens. LaPrade et al. [40] 
reported that, when using an 11-mm reamer, the ARLMs 
in all specimens were injured. However, a tunnel of such 
a size is rarely seen in our ACL surgeries. We found that 
the probability of damaging the ARLM when using ream-
ers with different diameters ranged from 0 to 70.00%, 
which was similar to previous reports (Table 4). However, 

results showed that injuries to the ARLM may be more 
likely to occur in Caucasians and females, which was not 
recognized in previous studies (Fig.  4). Also, the safety 
zone used to prevent damage to the ARLM during tibial 
tunnel reaming was 2.2  mm and 1.9  mm lateral to the 
tibial footprint center in Chinese and Caucasian popula-
tions, respectively. We believe that the size of the tibial 
plateau is slightly larger in Caucasians, but the center of 
the ACL footprint is further away from both the ARLM 
attachment and the MTS in Chinese. This indicates that 
these two anatomical landmarks may be more dispersed 
on the tibial plateau in the Chinese population, which 
explains why the Chinese population had a larger safety 
zone and a lower risk of ARLM injury.

The present study should be interpreted in light of 
its potential limitations. Firstly, MRI-based 3D mod-
els were used to identify the anatomy of the tibial ACL 
footprint and the ARLM. Even though cadaveric studies 
are considered the gold standard, 3D MRI has proven to 
be an accurate and reliable imaging method [17, 48, 49] 
and could use  a larger sample size. Moreover, since the 
subjects in this study were Chinese and Caucasian, the 
results do not apply to African Americans, meaning that 
further studies with greater racial diversity are needed. 
Furthermore, the long axis of the elliptical tunnel open-
ing (R) was also dependent on the drilling angle, so we 
used a certain range to report the injury risk.

Conclusion
There are significant race- and gender-specific differences 
in the tibial ACL footprint. The ARLM and MTS may be 
reliable arthroscopic landmarks for identifying the tibial 
ACL footprint during anatomical ACL reconstruction. 
The safe zone needed to avoid damage to the ARLM dur-
ing tibial tunnel reaming was 2.2 mm and 1.9 mm lateral 
to the central tibial footprint in Chinese and Caucasians, 
respectively. The probability of damaging the ARLM by 
using reamers with various diameters ranged from 0% 
for Chinese males with a 7 mm reamer to 70% in Cauca-
sian females with a 10 mm reamer when the tunnel was 
drilled at a 50° angle.
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