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Background: The central intercondylar ridge (CIR) is an anatomical bony landmark that bisects
the slope of the medial intercondylar ridge (MIR) between the tibial insertion of the anterior
cruciate ligament (ACL) and anterior horn of lateral meniscus (AHLM) and was recently revealed
by computed tomography (CT) evaluation corresponding to histologic slices of cadaveric knees.
The purpose of this study was to clarify the shape and size of ACL and AHLM tibial insertion in
young, healthy knees using the new bony landmark (CIR) and previously reported landmarks.

Methods: The contralateral healthy knees in 34 ACL-reconstructed patients (18 male patients,
16 female patients, mean age: 24.0 years) were scanned by CT. In the reconstructed coronal/
sagittal images, bony landmarks of ACL (anterior: anterior ridge, posterior: blood vessel in tu-
bercle fossa, medial: MIR, lateral: CIR) and AHLM (medial: CIR, lateral: bottom of the slope)
were plotted for evaluation. The length of sagittal slices and the width in five coronal slices
of the insertion were measured.

Results: The ACL insertion consistently showed a boot-like-shape adjacent to the square shape
of AHLM on three-dimensional imaging. The mean ACL sagittal length was 14.5 ± 1.9 mm,
while the mean ACL widths (in mm) from anterior to posterior were 12.7 ± 2.7, 8.1 ± 1.9,
7.9 ± 2.0, 7.5 ± 1.5, and 7.2 ± 1.6, which was highly correlated with the tibial plateau size.

Conclusions: The boot-like-shape of the ACL tibial footprint insertion shared the slope of MIR
with the rectangular shape of AHLM in young, healthy knees. This study may provide useful
information for safe tibial tunnel creation at the time of ACL reconstruction.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Inaccurate tibial tunnel creation during anterior cruciate ligament (ACL) reconstruction sometimes causes damage to the an-
terior horn of the lateral meniscus (AHLM) [1–3], as well as inadequate restoration of knee biomechanics. When intraopera-
tively creating the accurate tibial tunnel, anatomical bony landmarks adjacent to the ACL tibial insertion, which have been
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revealed by macroscopic observation, histology, or radiographic evaluation, are widely used. These are the anterior ridge (AR)
[4–6] (Figure 1, asterisk), the medial intercondylar ridge (MIR) [6–8] (Figure 1, black arrowhead), and the vessels in the tubercle
fossa or the posterior edge of the lateral meniscus [6,8] (Figure 1, red circle). Intraoperatively, these three borders (of four) of
the insertion area were well recognized as clear bony contours. However, the lateral border was not macroscopically identified
because AHLM and ACL were observed as overlapping structures on the bony surface and complex structures blended together
on imaging [9].

Our recent study using elderly cadaveric knees demonstrated the positional relationship between ACL and AHLM tibial insertions,
as the histological slices parallel to the fiber arrangement around theAHLMmade it possible to distinguish thefibers between theACL
and AHLM [6].With evaluation using synchronizedmicroscopy and computed tomography (CT), the central intercondylar ridge (CIR)
on the slope of the MIR was defined as a new anatomical bony landmark bisecting the slope between the ACL and AHLM tibial inser-
tion (Figure 1, white circle) [6]. Using this recently found bony landmark (CIR) and the previously reported three landmarks, the ACL
tibial insertion could be delineated on the tibial plateau using CT imaging.

The purpose of this study was to clarify the shape and size of the ACL and the AHLM tibial insertion of healthy knees in a young
population.
2. Methods

2.1. Patients

The contralateral healthy knees in 34 ACL-reconstructed patients (18 males 16 females, mean age: 24.0 ± 8.2 years, mean
height: 169.0 ± 8.3 cm, mean weight: 67.3 ± 12.4 kg) (± means Standard deviation) were scanned using CT imaging (Toshiba,
Tokyo, Japan). The patient characteristics are presented in Table 1. Ethical approval for this study was obtained from the
Hoshigaoka Medical Center Ethical Committee (protocol No.1646).
Figure 1. The width of anterior cruciate ligament (ACL) and anterior horn of the lateral meniscus (AHLM) insertion was measured in five coronal slices divided
from the anterior and posterior edges of the ACL insertion. (a) Bird's-eye view of the tibial surface with position of coronal view (dotted lines). (b) Bird's-eye
view of the tibia with the position of sagittal slice. (c) Sagittal view of ACL insertion: anterior ridge (asterisk), vessel in the tubercle fossa (red dot). (d) Slice 1:
anterior margin of ACL. (e) Slice 3: central position in soft tissue window setting. (f) In-bone window setting: medial intercondylar ridge (MIR) (black arrowhead),
central intercondylar ridge (CIR) (white circle), bottom of MIR slope (white arrow), trabecular parallel to lateral meniscus (LM) fibers (white arrowhead), lateral
intercondylar ridge (black arrow). (g) Anterior view and (h) bird's-eye view of plotted bony landmarks of ACL and AHLM (green dots). (i) Scheme of insertion.
Shape of ACL (red area) was ‘boot-like’ adjacent to AHLM (blue area). ‘Lateral groove’ (yellow area).



Table 1
Demographic data.

n = 34 Mean ± SD Range

Age 24.0 ± 8.2 years 15–46
Height 169.0 ± 8.4 cm 152–183
Weight 67.3 ± 12.4 kg 50–93
Antero-posterior diameter of tibial plateau 50.5 ± 4.6 mm 43.0–58.9
Transverse diameter of tibial plateau 74.5 ± 6.9 mm 64.2–86.8

SD, standard deviation.
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2.2. Plotted bony landmarks on CT images

Coronal slices, which were parallel to the posterior line of the tibial plateau (Figure 1(a,d–f)), and sagittal slices, which were per-
pendicular to coronal slices (Figure 1(b,c)), were simultaneously reconstructed every one millimeter using software (SYNAPSE
VINCENT, FujiColorFilm, Tokyo, Japan). The bony landmarks of the ACL and AHLM tibial insertionwere plotted on the coronal and sag-
ittal CT images in both bone (Figure 1(c,d,f)) and soft tissuewindows (Figure 1(e)). The landmarks of ACL tibial insertionwere used as
follows: anterior edge, anterior ridge (Figure 1(c), asterisk); posterior edge, blood vessel in the tubercle fossa (Figure 1(c,i), red cir-
cle); medial edge, MIR (Figure 1(d–f), black arrowhead); and lateral edge, CIR (Figure 1(e,f), white circle). Also, the landmark of the
AHLM tibial insertion was used as the lateral edge, bottom of the MIR slope (Figure 1(d–f), white arrow); and medial edge, CIR
(Figure 1(e,f), white circle). The landmark of ‘lateral groove’ was used as medial edge, bottom of MIR slope (Figure 1(d–f), white
arrow); andmedial edge, lateral intercondylar ridge (Figure 1(d–f), black arrow).When plotting these landmarks, characteristic find-
ings around the ACL and AHLM tibial insertion were used, as follows. The cortex of the ACL tibial insertion was concave in coronal
images (Figure 1(f)). The cortex of the AHLMwas convex and thickened (Figure 1(f)), and the trabecular tissue beneath the insertion
was parallel to the AHLM fibers in coronal images (Figure 1(e), white arrowhead).

2.3. Measuring length and width of ACL and AHLM tibial insertion

The sagittal length of the ACL tibial insertion was measured in the reconstructed sagittal slice, which included AR and vessels
in the tubercle fossa (Figure 1(c)). Coronal widths of the ACL and AHLM tibial insertion were measured in five coronal slices,
which were divided into the anterior and posterior edge of the ACL tibial insertion (slice number defined from anterior to poste-
rior) (Figure 1(a,d–f)). The ratio of ACL insertion to slope of MIR was calculated in each coronal slice. The shape of the slope of the
MIR, ACL and AHLM tibial insertion was evaluated by recognizing each plotted area on the reconstructed three-dimensional (3D)
image when viewed from above (bird's-eye view) (Figure 1(h,i); Supplementary data S1).

To scrutinize size variation of the ACL tibial insertion, the following individual information was evaluated: height, weight, antero-
posterior and transverse diameter of the tibial plateaumeasured in reconstructed CT images (Tables 2, 3; Supplementary data S3, S4).

2.4. Statistical analyses

To evaluate the relationship between the size of the ACL and the size of the AHLM tibial insertion and the relationship be-
tween each size of the insertion and physical characteristics of the patient (height, weight, size of tibial plateau), Pearson
Table 2
Results of the correlation between demographic data and the size of anterior cruciate ligament/anterior horn of lateral meniscus tibial insertion (all subjects).

All subjects Height Weight Tibial plateau ACL sagittal length ACL width AHLM width

AP Trans. Slice 1 Slice 2 Slice 3 Slice 4 Slice 5 Slice 2 Slice 3 Slice 4 Slice 5

Height 1
Weight 0.76⁎⁎ 1
Tibial plateau AP 0.86⁎⁎ 0.85⁎⁎ 1

Trans. 0.84⁎⁎ 0.88⁎⁎ 0.96⁎⁎ 1
ACL sagittal length 0.38⁎ 0.47⁎⁎ 0.38⁎ 0.41⁎ 1
ACL width Slice 1 0.51⁎⁎ 0.47⁎⁎ 0.61⁎⁎ 0.55⁎⁎ 0.12 1

Slice 2 0.55⁎⁎ 0.63⁎⁎ 0.70⁎⁎ 0.71⁎⁎ 0.28 0.67⁎⁎ 1
Slice 3 0.55⁎⁎ 0.62⁎⁎ 0.68⁎⁎ 0.73⁎⁎ 0.25 0.62⁎⁎ 0.81⁎⁎ 1
Slice 4 0.52⁎⁎ 0.65⁎⁎ 0.63⁎⁎ 0.68⁎⁎ 0.31 0.57⁎⁎ 0.72⁎⁎ 0.85⁎⁎ 1
Slice 5 0.53⁎⁎ 0.54⁎⁎ 0.56⁎⁎ 0.61⁎⁎ 0.33 0.45⁎⁎ 0.52⁎⁎ 0.69⁎⁎ 0.79⁎⁎ 1

AHLM width Slice 2 0.41⁎ 0.43⁎ 0.40⁎ 0.43⁎ 0.27 0.44⁎ 0.10 0.21 0.35⁎ 0.26 1
Slice 3 0.33 0.30 0.15 0.18 0.25 0.17 0.03 0.01 0.18 0.20 0.57⁎⁎ 1
Slice 4 0.44⁎⁎ 0.22 0.34⁎ 0.37⁎ 0.21 0.36⁎ 0.28 0.38⁎ 0.27 0.42⁎ 0.40⁎ 0.60⁎⁎ 1
Slice 5 0.32 0.24 0.35⁎ 0.36⁎ 0.26 0.46⁎⁎ 0.35⁎ 0.37⁎ 0.25 0.11 0.59⁎⁎ 0.32 0.60⁎⁎ 1

ACL, anterior cruciate ligament; AHLM, anterior horn of lateral meniscus; AP, antero-posterior diameter; Trans, transverse diameter.
⁎⁎ P b 0.01.
⁎ P b 0.05.



Table 3
Results of the correlation between demographic data and the size of anterior cruciate ligament/anterior horn of lateralmeniscus tibial insertion (separated bymale and
female subjects).

Male Female

Height Weight Tibial plateau Height Weight Tibial plateau

AP Trans. AP Trans.

Height 1 1
Weight 0.04 1 0.55⁎ 1
Tibial plateau AP 0.33 0.23 1 0.66⁎⁎ 0.83⁎⁎ 1

Trans. 0.27 0.44 0.81⁎⁎ 1 0.51⁎ 0.74⁎⁎ 0.81⁎⁎ 1
ACL sagittal length −0.18 0.30 −0.01 −0.03 0.30 0.01 −0.06 0.14
ACL width Slice 1 0.28 0.06 0.60⁎⁎ 0.45 0.13 0.31 0.21 0.09

Slice 2 0.20 0.48⁎ 0.75⁎⁎ 0.76⁎⁎ −0.25 −0.28 −0.23 −0.22
Slice 3 0.19 0.51⁎ 0.71⁎⁎ 0.77⁎⁎ 0.04 −0.07 −0.01 0.23
Slice 4 −0.12 0.51⁎ 0.37 0.42 0.09 0.09 0.07 0.29
Slice 5 0.23 0.30 0.44 0.42 0.31 0.22 0.16 0.49

AHLM width Slice 2 −0.08 −0.05 −0.23 −0.12 0.21 0.35 0.29 0.30
Slice 3 0.32 0.15 −0.21 −0.15 0.03 0.24 −0.02 −0.01
Slice 4 0.55⁎ −0.03 0.37 0.28 −0.16 −0.31 −0.38 −0.07
Slice 5 0.17 −0.07 0.20 0.11 −0.53⁎ −0.54⁎ −0.47 −0.29

ACL, anterior cruciate ligament; AHLM, anterior horn of lateral meniscus; AP, antero-posterior diameter; Trans., transverse diameter.
⁎⁎ P b 0.01.
⁎ P b 0.05.
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correlation coefficients and the correlation coefficient (R) were calculated. To compare male and female insertion measurements,
Student's t-test was used. The significance level was set at P b 0.05. For the statistical analyses, we used IBM® SPSS®Statistics 21.0
(Mac® client version, IBM, Armonk, NY, USA).
3. Results

3.1. Characteristic findings of the ACL and AHLM tibial insertion on reconstructed CT slices

All tibial ACL and AHLM bony landmarks were clearly identified in all 34 knees. In the coronal images, the insertion of the ACL
was concave, while the insertion of AHLM was convex, with a thick cortex and trabecular tissue parallel to ACL and AHLM fibers
in soft tissue and bone window CT images (Figure 1(f)). CIR was located almost centrally on the square shape on the slope of MIR,
which was anterior to posterior in all knees (Figure 1(e,f)), except for the anterior portion that was just behind the anterior edge
(Figure 1(d)).
3.2. Shape and size of ACL and AHLM tibial insertion

The mean sagittal length of the ACL tibial insertion was 14.5 mm (standard deviation (SD) 1.9). The mean widths of the ACL
tibial insertion were 12.7 mm in slice 1 (SD 2.7), 8.1 mm in slice 2 (SD 1.9), 7.9 mm in slice 3 (SD 2.0), 7.5 mm in slice 4 (SD 1.5),
and 7.2 mm in slice 5 (SD 1.6) (Figure 2(a)). ACL sagittal length was significantly longer than every ACL width, and the ACL width
in slice 1 was significantly longer than ACL widths in remaining slices; there were no significant differences among ACL widths
except slice 1 (Figure 2(a); Supplementary data S2). These data verified the boot-like shape of the ACL tibial insertion in the
bird's-eye 3D CT view (Figure 1(h,i); Supplementary data S1).

The mean width of the AHLM tibial insertion was 6.8 mm in slice 2 (SD 1.5), 6.7 mm in slice 3 (SD 1.9), 7.1 mm in slice 4 (SD
1.5), and 6.8 mm in slice 5 (SD 2.7). There were no significant differences between the widths of AHLM (Figure 2(b); Supplemen-
tary data S2). These data also verified the box shape of the AHLM tibial insertion, which was surrounded by the boot-like shape of
the ACL tibial insertion within the square shape of the MIR slope (Figure 1(h,i); Supplementary data S1).

The ACL and AHLM tibial insertion almost equally shared the slope of MIR (Figure 1(e–i)). This is demonstrated by the mean
ratios of ACL insertion in the slope of MIR, which were as follows: 57% (SD 10) in slice 2, 53% (SD 7.8) in slice 3, 51% (SD 5.9) in
slice 4, and 51% (SD 7.0) in slice 5 (Supplementary data S2). Furthermore, the MIR slope showed stair-step-like undulation on
coronal slices (Figure 1(e,f)) and on the front view of 3D imaging (Figure 1(g)).
3.3. Correlation between demographic data and size of ACL and AHLM tibial insertion

Thewidths of the ACL tibial insertion in slices 2 and 3were correlatedwith the transverse diameter of the tibial plateau (R= 0.71,
0.73), the antero-posterior diameter of the tibial plateau (R = 0.70, 0.68), height (R = 0.55, 0.55), and weight (R = 0.63, 0.62)
(Table 2).



Figure 2. Size of the tibial insertion in (a) anterior cruciate ligament (ACL), and (b) anterior horn of the lateral meniscus (AHLM) (*P b 0.05).
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Additionally, widths of the AHLM tibial insertion showed a strong correlation for each slice (Table 2; Supplementary data S3,
S4). However, the size of the female ACL tibial insertion did not correlate with individual body size, while that of males did cor-
relate with individual body size (Table 3).

4. Discussion

In the present study, the shapes and sizes of the ACL tibial insertion in healthy knees were investigated using the bony land-
marks on the coronal, sagittal and reconstructed 3-D CT images using the AHLM tibial insertion as a reference.

Many studies have pointed out individual differences, as well as differences in modality, age, sex, race, and body type, due to a
variety of tissue preparations [10]. However, variability in individual interpretations of the examiner with regard to the bony land-
marks of tibial insertions on CT imaging was eliminated in this study. The recently found bony landmark CIR, which lengthwise
bisects the slope of MIR between the ACL and AHLM tibial insertions, consistently showed a boot-like shape of the ACL tibial in-
sertion around the rectangular shape of the AHLM tibial insertion (Figure 1(i); Supplementary data S1). The width of the mid-
portion of the ACL tibial insertion was proportional to individual body size (Table 2).

While previous studies investigated the ACL tibial insertion by macroscopic observation in cadaveric knees [8,9,11–15], few
consistent findings were obtained because of various techniques used to dissect the fibrous, synovial, and fat tissues surrounding
the ligament [10]. A recent study using three Tesla (3 T) magnetic resonance imaging (MRI) analyzed the tibial insertions by
distinguishing ACL and AHLM fibers based on appearance, and showed markedly different results [16]. These discrepancies
could be attributed to the differences in the way of defining essential components of the ligament. While the true bone–liga-
ment/tendon interface termed ‘enthesis’ is observed only by histologic evaluation [17], some histologic examination parallel to lig-
ament fibers using magnified specimens of the small area may lack the positional information of the insertion on the tibial
plateau. In addition, there has been no well-designed study to distinguish ACL and AHLM fibers histologically because AHLM
and ACL were observed as overlapped structures or complex structures blending together [9]. Our recent study, which used the
knees of elderly female cadavers, demonstrated the positional relationship between the ACL and AHLM tibial insertions, as the
histological slices parallel to the fiber arrangement around the AHLM made it possible to distinguish the fibers between the
ACL and AHLM [6]. With synchronized microscopic and CT evaluation, the CIR on the slope of MIR was defined as the new ana-
tomical bony landmark bisecting the slope between ACL and AHLM tibial insertions [6] (Figure 1(e–h); Supplementary data S1).
Considering this recently found bony landmark CIR and the previously reported landmarks together, the current study confirmed
that the ACL and AHLM tibial insertions could be delineated on 3-D CT images of the tibial plateau in the young population. This
information might be useful for pre-operative planning and postoperative evaluation using CT images or for reducing the risk of
damaging the AHLM insertion during the creation of a tibial tunnel for ACL reconstruction [1–3] (Supplementary data S5).

Although all knees were from an Asian population, individual differences in the width of the ACL, which were influenced by height,
weight, and antero-posterior and transverse diameter of the tibial plateau, were determined (Table 2). Interestingly, the size of the ACL
tibial insertion did not correlate with individual body size in females, while the size of the ACL tibial insertion correlated with the size of
tibial plateau and notwith height orweight inmales (Table 3). These differences among the sexesmay somewhat be correlatedwith the
incidence of ACL injuries.



Figure 3. Size of the anterior cruciate ligament tibial insertion in male and female participants (*P b 0.05).
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Ideal and accurate creation of the tibial tunnel is critical, while anterior positioning of the tibial tunnel brings better postop-
erative anterior knee stability [18–20]. The preoperative planning tailored to the individual bony landmarks might be useful
not only for ideal anatomical ACL reconstruction but also for avoiding damage to the AHLM tibial insertion. Therefore, the tunnel
aperture should be close to the MIR, and adjusted to the individual size of the ACL tibial insertion. Considering the width of the
ACL tibial insertion is five or six millimeters for females (Figure 3), a single tunnel procedure may inevitably exceed this size limit.
Therefore, a double/triple round tunnel or single rectangular tunnel technique might be considered, especially in female patients
(Figure 3; Supplementary data S5) [21–26].

We recognize that this study has limitations. First, the analysis was limited to 34 knees and only among the Asian population.
Although the shape and size of the insertions varied among specimens, CIR adjacent to the ‘boot-like’ shape of the ACL was clearly
observed in all 34 knees. Furthermore, this study clarified the shapes and positional relationships of ACL and AHLM tibial inser-
tions. While precise fiber conditions of the ACL and AHLM could not be observed in the CT images, characteristic bony landmarks
and the positional relationship between ACL and AHLM tibial insertion, based on histologic evaluation, were precisely identified in
3D-CT and multiplanar reformation CT images.

5. Conclusion

The CIR lengthwise bisects the slope of MIR between the ACL and AHLM tibial insertions in healthy, young knees. The bony
landmarks showed the boot-like shape of the ACL tibial insertion around the rectangular shape of AHLM tibial insertion, and
the width of the insertion was proportional to individual body size. To minimize iatrogenic damage to the AHLM tibial insertion,
this study may provide useful information for individual anatomical tibial tunnel creation with high accuracy.

Supplementary data to this article can be found online at https://doi.org/10.1016/j.knee.2019.04.009.
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