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ARTICLE INFO ABSTRACT

Artic{e history: Background: To clarify, with three-dimensional (3D) images, the morphological properties of
Ezzgzzg gr?r?\?i!;efiofloim 30 September 2018 the patellar tendon and both of its insertion sites.
Accepted 5 December 2018 Methods: Thirty-two human cadaveric left knees were evaluated, and 3D computed tomography
images were created. These images were used to analyse the morphology of both insertion sites
of the patellar tendon, and the width, length and thickness of each region of the patellar tendon.
i;{‘g; (i)(:(:séruciate Heament reconstruction Results: The insertion sites of the patellar tendon on the patellar and tibial sides were V-shaped
Bone-patellar ten din—bone graft and crescent-shaped, respectively, with the respective bony apexes located at 44.5 £ 2.2% (stan-
Insertion dard deviation) and 35.5 + 2.8% of the tendon width from its medial edge. The proximal, central
Morphology and distal widths of the patellar tendon were 29.9 + 2.7 mm, 27.3 £+ 2.5 mm and 25.0 +
Patellar tendon 2.4 mm, respectively. The length of the patellar tendon was shortest at 40.6% + 6.7% of the cen-
tral width and gradually became longer toward both edges. The patellar tendon was thickest in
the central portion of 40-75% and gradually became thinner toward both edges.
Conclusions: The morphological properties of the patellar tendon and its insertion sites on both
the patellar and tibial sides were consistent. These findings indicate that the characteristics of
the bone-patellar tendon-bone graft markedly depend on the location from which it is
harvested, and that these characteristics contribute to predicting the length, width and shapes
of the bone plugs of the graft when performing bone-patellar tendon-bone surgery.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Using a bone-patellar tendon-bone (BTB) graft to reconstruct a torn anterior cruciate ligament (ACL) has been recognised as a
successful procedure that produces good clinical results [1-3]. The advantages of the BTB graft include a high degree of initial
tensile strength and stiffness [4,5], rigid fixation using the interference screw technique [6], and direct bone-to-bone healing
[7]. However, graft-tibial tunnel length mismatch is a well-known intraoperative complication in BTB ACL reconstruction
[8-11]. This mismatch occurs when the relative length of the BTB graft construct exceeds the combined length of the femoral
tunnel, intra-articular ACL distance, and tibial tunnel length. The tibial bone plug is consequently located outside the tibial tunnel.
If an inadequate amount of the tibial bone plug lies within the tibial tunnel, graft fixation may be compromised [12].

Various intraoperative techniques, including graft rotation and the bone block technique, have been proposed to manage
graft-tunnel mismatch in BTB ACL reconstruction. However, each technique comes with potential disadvantages such as compro-
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mised fixation, graft strain, and low technical feasibility [9-11,13-17]. Therefore, it is preferable to avoid mismatch in the first place
[18]. Several studies have investigated the relationship between the length of the tibial tunnel and angle of the tibial guide [11,16,19].
Additionally, pre-operative assessment using magnetic resonance imaging (MRI) has been recognised as a valuable tool to estimate
the tendon length of the BTB graft [12,20].

The central third of the patellar tendon is the portion normally used for ACL reconstruction, regardless of whether it is an
autograft or allograft. However, because the inferior patella is V-shaped there is marked variability in predicting the length of
the BTB graft based on the location from which it is harvested. Basso et al. reported that the patellar inferior apex was not located
at the midpoint of the width of the patellar tendon, but tended to lie medial to the midpoint; however, details of the tibial
insertion site remain unclear [21]. To avoid graft tunnel mismatch, it is necessary to define the characteristics of the insertion
sites of the patellar tendon on both the patellar and tibial sides; this information could then be used to predetermine the length
of the BTB graft. Furthermore, a detailed understanding of the patellar tendon may help to characterise the regional morphological
properties of the BTB graft.

Excellent biomechanical and clinical results have recently been reported using an anatomic rectangular ACL reconstruction
method that uses a BTB graft with parallelepiped bone plugs that mimic the orientation of the native ACL fibres and their
junctions [22-26]. To perform anatomical ACL reconstruction using the BTB graft with these new techniques, it is necessary to
define the morphology of the patellar tendon and both bone-tendon junctions.

The purpose of the present study was to clarify the characteristics of the patellar tendon and its insertion sites using three-
dimensional (3D) images. It was hypothesised that the characteristic features of both the tendon and its insertion sites can be
identified and that they are consistent.

2. Materials and methods
2.1. Specimen preparation

Thirty-two unpaired human cadaveric knees (19 male and 13 female specimens; age range, 62-87 years; mean age,
76.8 £ 7.4 years) with no severe macroscopic degenerative or traumatic changes were used in the present study. All cadavers
were fixed in 10% formalin and preserved in 50% alcohol for six months. The present cadaveric study was approved by the
institutional review board (IRB: H27-99). Preparation began with removal of the skin and soft subcutaneous tissue on the anterior
side of the knee. The medial and lateral retinaculae and the paratenon overlying the anterior side of the patellar tendon were
removed, allowing easier identification of the lateral and medial edges of the patellar tendon and better definition of the patellar
tendon. After the patellar tendon was identified, the anterior side of the tendon was grossly observed and the distal peripheral line
of the tibial insertion site was identified.

The quadriceps tendon was transected at the junction with the proximal edge of the patella. The fat pad and synovium were
removed from the posterior aspect of the tendon, and then the posterior patellar insertion site of the patellar tendon and the
proximal peripheral line of the tibial insertion site of the patellar tendon were observed and defined. The tibia was transected
at the middle portion of the bone shaft. Hence, the dissection produced a patella-patellar tendon-tibia complex that was isolated
from the specimen.

2.2. Three-dimensional visualisation and measurements

The specimen was placed in a custom-made traction device (Figure 1), and the tibial bone was fixed to the base of the device.
In each knee, the patellar bone was proximally grasped with tenaculum forceps, and an approximately 10-N load was then gently
applied through a string structure with a tension gauge to the patellar bone to keep its tendon taut and aligned with the shaft of
the tibia.

Tension gauge

Styrofoam base

7z

Figure 1. Schematic of a custom-made traction device. The tibia was fixed to the base of the device. The patellar tendon was towed with a constant 10-N load
through a string structure with a tension gauge and aligned with the shaft of the tibia.
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This complex was scanned using a 16-row multislice computed tomography (CT) scanner (ECLOS; Hitachi Medical Corporation,
Tokyo, Japan). Axial-plane images with 0.5-mm slices were obtained and saved as Digital Imaging and Communications in Medicine
data. All digital imaging data were uploaded to dedicated software (Mimics version 19.0; Materialise N.V., Leuven, Belgium), and ac-
curate 3D models of the specimens, including each segment of the bone and tendon, were created. A segmentation technique was
then applied to each CT mask to identify and separate the patellar tendon from the bones and surrounding residual soft tissue
[27,28]. The data from the 3D model were uploaded to advanced analysis software (3-matic version 15.0; Materialise N.V.).

The characteristics of the insertion sites of the patellar tendon were analysed using the 3D model, which consisted of bone and
a translucent patellar tendon. The areas of the insertion sites of the patellar tendon, and the width, length and thickness of the
patellar tendon were also calculated. The width of the patellar tendon was measured directly from the medial to lateral borders.
The proximal, distal, and central widths were measured at the apex of the inferior patellar pole, at the vertex of the proximal
boundary of the insertion site on the tibial side, and at their respective midpoints (Figure 2a). The length of the patellar tendon
between the inferior patellar edge and the superior edge of the tibial insertion site of the patellar tendon was measured at every
10% interval of the central width of the patellar tendon from its medial edge, and the shortest position was detected and
measured (Figure 2a). The thickness of the patellar tendon was also measured at every five percent interval of the central
width of the patellar tendon from its medial edge (Figure 3a). These measurements were performed using specific software
(3-matic version 15.0; Materialise N.V.) [29]. The accuracies of the length and area measurements were <0.1 mm and
0.1 mm?, respectively. When comparing the accuracy of the 3D models generated from CT data with the optical scan, the average
error was 0.65 + 0.31 mm or around one third of the pixel size [30].

2.3. Statistical analysis

Analyses were performed using SPSS software (version 22.0; IBM, Armonk, NY, USA) with significance for all analyses set at
P < 0.05. The distribution of each variable was checked for normality using the Kolmogorov-Smirnov test. Statistical analysis
included repeated measures analysis of variance with Tukey's post hoc test for continuous data of tendon regions.
3. Results
3.1. Macroscopic findings and three-dimensional analysis of the characteristics of the insertion sites of the patellar tendon
3.1.1. Patellar tendon insertion site on the patellar side

Macroscopic examination showed that the anterior superficial fibres of the patellar tendon were continuous over the patella

with the tendon of the quadriceps femoris (Figure 4a). The posterior superficial fibres of the patellar tendon were clearly attached
to the inferior patella (Figure 4b). It was difficult to define the surface area of the insertion site of the patellar tendon on the
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Figure 2. Three-dimensional image of the knee and column graph showing the length of the patellar tendon. a. Anterior view. This view was used for each
measurement in the current study. The black arrow indicates the apex of the inferior pole of the patella. The white arrow indicates the vertex of the arcuate groove
of the tibia. The position of the shortest length of the tendon is represented as a/b. b. The length of the patellar tendon was shortest at a location 40% medial of the
central width; the lateral side was longer than the medial side, which gradually became longer toward both edges.
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Figure 3. Colour representation and column graph indicating the patellar tendon thickness. a. The thickness of the patellar tendon was analysed using specific
software (3-matic version 15.0; Materialise N.V., Leuven, Belgium). The colour represents the thickness of the tendon, with red indicating thick regions and
green indicating thin regions. b. The thickness of the patellar tendon did not significantly differ in the range of 40-75% from the medial edge (P = 0.051).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

patellar side because the anterior superficial fibres were widely spread and continuous with the superficial fibres of the
quadriceps tendon. In the 3D analysis, the patellar tendon surrounded the inferior edge of the patella (Figure 4c and d), and
the apex of the inferior pole of the patella was 44.5 4+ 2.2% of the proximal width of the patellar tendon from its medial edge
(Figure 2a). Quantitative data are summarised in Table 1.

3.1.2. Patellar tendon insertion site on the tibial side

Macroscopic examination showed that the proximal boundary of the insertion site of the patellar tendon corresponded with
the arcuate groove, which began at the upper medial corner of the tibial tuberosity, extended to, and turned distally along the
lateral side of the tibial tuberosity (Figure 5a). The distal boundary surrounded the most protruding portion of the tibial tubercle
(Figure 5a). The medial boundary was easily distinguished from the pes anserinus. As the lateral boundary, some of the superficial
fibres were continuous over the fascia of the tibialis anterior muscle. In the 3D analysis, the insertion site of the patellar tendon
on the tibial side was crescent-shaped in the anterior view (Figure 5b); its surface area was 409.5 4+ 96.9 mm? (range,
244.2-545.9 mm?). The vertex of the arcuate groove of the tibia was 35.5 + 2.8% of the distal width of the patellar tendon
from its medial side (Figure 2a). Quantitative data are summarised in Table 1.

3.2. Three-dimensional measurement and analysis of the patellar tendon

3.2.1. Width of the patellar tendon

The proximal, central and distal widths were 29.9 4 2.7 mm, 27.3 £ 2.5 mm and 25.0 + 2.4 mm, respectively. The width of
each portion varied significantly (P < 0.05). The patellar tendon was broad proximally but became narrow distally in all
specimens. Quantitative data are summarised in Table 1.

3.2.2. Length of the patellar tendon

The patellar tendon was the shortest at 40.6 4+ 6.7% of the central width from its medial edge. As measured at every 10%
interval, the shortest length of the patellar tendon was 38.0 + 4.1 mm or 40% of the central width from its medial edge. The
longest length of the patellar tendon was 54.1 £ 6.8 mm or 90% of the central width from its medial edge. The length of each
adjacent part varied significantly (P < 0.05) and gradually became longer toward both edges. The lateral length was always longer
than the medial length when comparing the same portion from both edges. The mean measurements of the patellar tendon
length at each position are presented in Figure 2b.

3.2.3. Thickness of the patellar tendon
The thickness of the central part of the patellar tendon did not significantly differ in the range of 40-75% from the medial edge
(P = 0.051), and the average thickness in this range was 4.5 £+ 0.6 mm. The patellar tendon gradually became thinner toward
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Figure 4. Photographs and three-dimensional image showing the patellar tendon insertion on the patellar side (left knee). a. Anterior view. The white arrowheads
indicate anterior superficial fibres spreading over the patellar surface. b. Posterior view. The black arrowheads indicate posterior superficial fibres of the patellar
tendon inserting on the inferior pole of the patella. c. Oblique view observed from the lateral side. It was difficult to observe the inferior patellar edge.
d. Three-dimensional image showing that the line of the inferior patellar edge was surrounded by the patellar tendon. The black arrow indicates the apex of
the inferior pole of the patella.

both edges. The mean measurements of the thickness of each portion of the central part of the patellar tendon are presented in
Figure 3b.

4. Discussion

The most important finding of the present study was clarification of the morphology of the patellar tendon and both insertion
sites based on 3D images. The varying regional morphology of the patellar tendon has intrinsic features in each portion. The
insertion sites of the patellar and tibial sides were V-shaped and crescent-shaped, respectively, with their bony apexes both
located slightly medial of the width of the tendon in all knees.

The present study provided detailed data concerning the regional lengths of the patellar tendon. The length of the patellar
tendon was shortest at a location approximately 40% medial of the central width; the lateral side was longer than the medial
side, which gradually became longer toward both edges. The length of the centre portion in the present study was similar or
slightly shorter than that reported in previous studies that used a scale ruler in intraoperative measurements and biomechanical

Table 1
Patellar tendon width according to location and bony apex rate at the insertions.
Proximal Central Distal
(patellar side) (tibial side)
Patellar tendon width (mm) 29.9 + 2.7 (26.5-36.7) 27.3 £ 2.5(23.7-34.1) 25.0 + 2.4 (21.3-30.9)
Bony apex rate (%) 445 + 2.2 (39.3-49.2) - 35.5 + 2.8 (29.8-40.0)

Data are presented as mean =+ standard deviation (range).
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Figure 5. Photograph and three-dimensional image showing the patellar tendon insertion on the tibial side (left knee). a. Macroscopic image of an anterior view
showing the insertion site of the patellar tendon on the tibial side, with the patellar tendon removed after computed tomographic scanning. The white arrowhead
indicates the tibial arcuate groove. The black arrowhead indicates the distal boundary of the insertion site. b. Three-dimensional image of an anterior view showing
the positional relationship of the arcuate groove and patellar tendon. The white arrow indicates the vertex of the arcuate groove. The insertion site on the tibial
side was crescent-shaped.

research [20,31-35] or that used mid-sagittal MRI for pre-operative assessment of BTB ACL reconstruction [12,18,20,36,37].
However, previous studies measured the patellar tendon at only one location, and the variance in the regional length of the
whole patellar tendon was not mentioned. Goldstein et al. showed that a correlation exists among the patient's height, sex,
and patellar tendon length; to avoid graft-tunnel mismatch, they recommended the use of a tendon length less than or equal
to the mean length for the sex-specific height subgroup to reduce the possibility of construct mismatch when applying an
allograft [12]. To prevent mismatch when using an autograft, Chang et al. suggested pre-operative assessment using MRI to
estimate the tendon length of a BTB graft [20]. The current findings that the length of the tendon shows marked variation in
each portion should further aid in harvesting a graft with an appropriate length for BTB ACL reconstruction.

The present study also revealed the thickness of the patellar tendon at each location and showed that it was thick in the
central portion of 40-75% and gradually became thinner toward both edges. Several previous studies have measured the thickness
of the central portion using MRI or scale callipers [20,34,35,37]. Chang et al. reported that the mean thicknesses of the patellar
tendon, using MR, and intraoperative measurements were 3.9 mm and 3.8 mm, respectively, showing the accuracy and reliability
of assessment using MRI [20]. Their results regarding the central thickness of the tendon were similar to those of the present
study; however, they did not report the varying regional thickness of the entire patellar tendon [20]. Yanke et al. analysed
graft geometry in their study of biomechanical properties comparing the 10-mm central third and 10-mm medial and lateral
sides of a BTB graft [35]. Although there was no significant difference in the tendon thickness, width or length among graft
types, the biomechanical failure properties of the central third of a BTB graft were superior to those of the other grafts [35].
However, considering the results of the current study using 3D images, it is possible that the tendon thickness varied among
these grafts and influenced the graft strength, which is important when harvesting a graft for ACL reconstruction.

The current study revealed the morphology of the insertion site on both the patellar and tibial sides of the patellar tendon.
The findings regarding the patellar insertion site of the patellar tendon were similar to the anatomical findings from the gross
observations of Basso et al., who reported that the patellar bony apex was located at 39.0% of the width of the tendon from its
medial edge, using a needle to identify the tip of the apex [21]. Tibial arcuate groove has been described in previous studies
[38,39]. However, no studies have reported the detailed characteristics of the tibial insertion site, which might be difficult to
measure and analyse using a macroscopic method. The present results, including the surface area regarding the tibial insertion
site of the patellar tendon based on 3D images, are new findings and indicate that this area is consistent. They verified that
the bony apexes of the insertion sites (V-shaped on the patellar side and crescent-shaped on the tibial side) were consistently
located slightly medial of the width of the patellar tendon. This indicates that the characteristics of the BTB graft markedly depend
on the location from which it is harvested.

A new method of BTB ACL reconstruction with an anatomic rectangular tunnel has been reported, whereby a single BTB graft
is placed to mimic the natural fibre arrangement of the normal ACL following the concept of double-bundle reconstruction
[22-25]. In these techniques, the graft is not harvested from the central portion of the patellar tendon. Hence, the tendinous
portion of the graft has longer and shorter sides: the longer sides are assigned to the anteromedial portion of the graft and the
shorter sides to the posterolateral portion. Furthermore, the bone plug, which is chosen for the femoral side, is shaped in
accordance with the parallelepiped femoral tunnel with a rectangular aperture. The current study showed that the morphological
features of the bone-tendon junctions of the BTB graft were rigidly characterised by the harvested site. This could aid in
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considering not only the natural fibre arrangement of the normal ACL but also the shape of the bone-tendon junction of the
femoral tunnel aperture.

The present study had several limitations. First, the cadavers were mostly elderly. Consequently, degenerative changes may
have influenced the results. Second, the tissues were fixed in formalin. The change in tissue elasticity caused by the formalin
solution may have influenced the results [40]. Third, although accurate 3D measurement was performed, the method depended
on human dissection and decisions, which might have introduced bias. Fourth, relatively few cadavers were investigated, and
normal anatomical variation cannot be ruled out. Fifth, the sex, physique, and ethnicity of the cadavers might have influenced
the results.

The clinical relevance of the present study is that clarifications of the morphology of the patellar tendon and its insertion sites
on both sides can help to predetermine the length, width and shape of the bone-tendon junctions of BTB grafts. The present
findings will help surgeons to harvest an appropriate BTB graft, which is essential for successful ACL reconstruction.

5. Conclusion

The morphological properties of the patellar tendon and its insertion sites on both the patellar and tibial sides were consistent.
These findings indicate that the characteristics of the BTB graft markedly depend on the location from which it is harvested.
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