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Abstract
Background The effect of effective length on the biomechanical properties of the graft is regarded as an
essential variable in�uencing the posterior cruciate ligament reconstruction. However, the effect has not
been fully studied. The purpose was to compare the effects of different effective graft lengths (35 mm,
55 mm, 65 mm) on the time-zero biomechanical properties of the graft in posterior cruciate ligament
(PCL) reconstruction.

Methods Bovine digital �exor tendons and porcine tibias were used to establish in-vitro PCL
reconstruction models. Tensile strength testing was performed at 3 different effective lengths of the graft:
short (35 mm, n = 10, group 1), medium (55 mm, n = 10, group 2), and long (65 mm, n = 10, group 3). A
computer software (Trapezium X; Shimadzu) was used to record the load-elongation curve, ultimate load
(N), the elongation of the graft during the test (mm), tensile stiffness (N/mm), and energy absorption (J).
The failure pattern was evaluated by visual observation.

Results All the samples failed because the grafts slipped out from the bones, except two grafts ruptured
in group 1. The tensile stiffness and ultimate load in group 1 were signi�cantly higher than those in group
2 and group 3 (tensile stiffness, 50.49 ± 11.43 N/mm in group 1 vs 31.20 ± 10.44 N/mm in group 2[P < 
0.001] and 19.18 ± 6.18 N/mm in group 3 [P < 0.001]; ultimate load, 452.40 ± 54.52 N in group 1 vs
338.50 ± 26.79 N in group 2 [P < 0.001]and 268.70 ± 28.30 N in group 3 [P < 0.001]). There were signi�cant
differences between group 1 and group 3 in energy absorption(9.61 ± 3.25 J vs 5.22 ± 2.43 J, P = 0.002).
At 50 N and 100 N of applied load, no statistically signi�cant differences were detected on the elongation
of the grafts (P > 0.05). The elongation of the short grafts under 150 N and 200 N of applied load was
signi�cantly less than that of the long grafts (150 N, 1.77 ± 0.83 mm in group 1 vs 4.14 ± 1.75 mm in
group 3, P = 0.047; 200 N, 2.62 ± 1.10 mm in group 1 vs 7.06 ± 3.20 mm in group 3, P = 0.006).

Conclusions This study demonstrated the time-zero biomechanical properties of the graft with short
effective length were superior to those of the graft with medium and long effective lengths in PCL
reconstruction.

Background
Posterior cruciate ligament (PCL) injury is a common type of acute knee injuries, accounting for 1% to
over 40% [1–4]. This injury is an important cause of knee joint kinematic diseases such as joint
hyperextension and joint instability, which is mainly caused by sporting activities (38.8%) and tra�c
accidents (35%) [5, 6]. Abnormal knee kinematics was considered to be the reason of increased cartilage
degeneration of the knee [7, 8]. A long-term follow-up study showed that the knee joint might lose
function after conservative treatment [9]. Therefore, a clear diagnosis and appropriate treatment strategy
for PCL injury are very important. With the development of surgical techniques and the improvement of
clinical therapeutic results, PCL reconstruction is becoming more common, and autologous or allogeneic
graft reconstruction is currently the main treatments for such injuries[10].
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The purpose of posterior cruciate ligament reconstruction is similar to that of anterior cruciate ligament
(ACL) reconstruction, both of which are to restore optimally the kinematic properties of the normal knee
and prevent the occurrence of osteoarthritis in the later stage. Accordingly, the reconstructed graft should
reproduce the biomechanical properties and function of the original intact ligament as far as possible.
Many studies reported that there are a lot of factors affecting the effect of PCL reconstruction, such as
graft type, graft size, bone tunnel placement, �xation technique and postoperative rehabilitation [11–16].
In evaluating the factors affecting the effect of PCL reconstruction, graft stiffness and in-situ force are
two key biomechanical property indicators. DeFrate et al. [17] investigated the effective PCL graft length
which directly affected the biomechanical properties of the ligament after reconstruction through a
cadaveric study. They studied 3 different effective lengths (represented 3 kinds of �xation techniques) by
using Achilles tendon graft, and showed that the short grafts had largest stiffness and least overall
elongation than the medium grafts and the long grafts. However, this study did not consider some factors
that may affect the biomechanical properties of the graft in an actual bone tunnel, such as graft-tunnel
wall interactions, the material of the �xing device, and the way of �xation used. Li et al. [18] established a
piecewise non-linear function model to study the force-elongation behavior of the PCL grafts, meanwhile,
a minimal deformation energy method was used to analyze the biomechanical properties of the graft
with different effective length. Their analyses demonstrated that there is a speci�c optimal length of the
different graft material to simulate the PCL and the shorter graft had higher graft structural resistance
than the longer one. Nevertheless, this study was only a theoretical analysis and the actual effect had not
been veri�ed when using the theories of this study to explain PCL reconstruction. According to our
retrieve, there were few studies have reported the time-zero biomechanical properties of the graft with
different effective length in PCL reconstruction. Therefore, this study investigated the time-zero
biomechanical properties of the graft with different effective length in PCL reconstruction. We
hypothesized that the short effective graft length would have superior biomechanical properties.

Materials And Methods
Preparation of PCL reconstruction models

Our study was performed using 30 bovine digital �exor tendons and 30 fresh-frozen porcine tibias from
pigs aged 10–14 months. To simulate the model of transtibial PCL reconstruction more conveniently, we
removed all soft tissues, including skin, subcutaneous tissue, ligaments (tibial footprint of the PCL
insertion was reserved), and muscles from the tibia. Many previous studies have demonstrated that
porcine tibias and bovine digital �exor tendons were similar to human tibias and ligaments in
biomechanical, structural, and material properties [19–22]. Each group of specimens was wrapped in
0.9% saline-soaked gauze, placed in a resealable specimen bag, and stored at -20°C until required for
testing[20, 21].

Before testing, the tendons and tibias were thawed overnight at 4°C. We dissected and separated all
bovine digital �exor tendons to obtain eligible grafts. Then, the grafts were folded once to make a double
loop (length: 150 mm; diameter: 8 mm). The ends of the grafts (approximately 50 mm long) were sewn
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using #2 Ethibond non-absorbable suture (Ethicon, Somerville, NJ) with whipstitch. Referring to previous
studies, we adjusted the graft to match the diameter of the tunnel, and appropriate resistance should be
felt after placing the graft into the tibia tunnel[23, 24]. The length of the graft was consisted two parts, the
one part was approximately 50 mm intraosseous length (tibia tunnel length) and the other part was
approximately 100 mm extraosseous length (the length from the outlet of the tibial tunnel to the clamp
and the remaining length for �xation by the clamp). In order to minimize viscoelasticity, all grafts
underwent preconditioning (approximately 20 N for 15 minutes) before each test. When we processed the
grafts, all samples were wrapped in gauze soaked in 0.9% sterile saline until test.

The tibias were cut distally perpendicular to the tibial bone shaft at 15 cm roughly from the tibial plateau.
According to previous studies [25, 26], the transtibial tunnel technique was used to create the tibial tunnel,
and a tibia drill guide system (Arthrex Inc, Florida, USA) was used. We established the tibial tunnel by the
anteromedial portal, and the portal onto the tibial anteromedial cortex was 4.5 cm below the tibial plateau
and 1.5 cm medial to the tibial tuberosity. The headend of the system was located in the lateral portion of
the PCL anatomic tibial footprint. To �t the size of the porcine bone, the orientation of the drill guide
system was adjusted and �xed at 70°. A guide pin was inserted into the slightly lateral portion of the PCL
tibial attachment site, approximately 1 cm distal to the articular surface. A cannulated reamer (8-mm, the
same diameter as the prepared graft) was drilled from the anteromedial cortex to the lateral portion PCL
tibial attachment site to create the tibial tunnel (length: 50 mm; diameter: 8 mm). We paid our special
attention to protecting the tibial tunnel from split fracture and clearing the bone debris in the tunnel in
each group.
Study Groups And Fixation Techniques

According to previous studies, we designed 3 different effective graft lengths to investigate the effective
length on the biomechanical properties of the graft[17, 18, 27–29]: short (35 mm, n = 10, group 1),
medium (55 mm, n = 10, group 2), and long (65 mm, n = 10, group 3). The 3 groups all used distal tibial
�xation in transtibial techniques. The grafts in different groups had roughly the same length in the bone
tunnel (approximately 50 mm), but the extraosseous length was different (Fig. 1). The short, medium, and
long grafts represented proximal �xation within the femur tunnel (near the articular surface, 35 mm),
midtunnel �xation on the femur (55 mm), and distal �xation on the femur (65 mm), respectively. A single
titanium interference screw (8 x 25 mm, ConMed Linvatec, Florida, USA) was inserted between the tibial
tunnel and graft to �x the graft, and we aligned the screw tail with the entrance of the tibial tunnel.

Mechanical Testing

We �xed the tibia in a steel sleeve, and clamped the graft tightly with a testing jig. A kirschner wire was
located 2 cm below the tunnel entrance and crosses the tibia to �x the tibial[24]. In order to simulate a
normal PCL (anterior declination approximately 70°~80°)[30], we set the angle between the orientation of
the bone tunnel and the tensile force on the sagittal plane at about 130° (we used a saline spray to make
grafts moist during testing). A universal material testing machine (Shimadzu Inc, Kyoto, Japan) was used
for tensile strength testing and a computer software (Trapezium X; Shimadzu) was used to collect and
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process all data. Ultimate tensile strength of every sample was measured by pull-out testing at 10
mm/min and the testing completed when the graft pulled out of the tunnel. The computer software
recorded the load-elongation curve, ultimate load (N), the elongation of the graft during the test (mm),
tensile stiffness (N/mm, the slope of the linear region of the load-elongation curve), energy absorption (J,
the maximum e�ciency of the testing machine during the test). Failure pattern was evaluated by visual
observation.

Statistical analysis

We referred to the biomechanical data from earlier experiments and determined the necessary experiment
sample size, altogether 30 in-vitro PCL reconstruction models were used in this study[20, 31, 32]. The
results were analyzed by SPSS software (version 22.0; IBM, Armonk, NY, USA). The mean differences
between 3 groups were used one-way analysis of variance (ANOVA), and p-value < 0.05 was de�ned
statistical signi�cance.

Results
Basic characteristics of experimental samples

We found there were no signi�cant differences in the basic characteristics of the grafts and tibias
(Table 1). The results of the graft pre-tensioning, tibia tunnel length, and tibia tunnel angle were presented
as mean ± standard deviation (SD), and no signi�cant differences were found among the groups (P > 
0.05).

Table 1
Basic Characteristics of Samples

  Mean ± Standard Deviation   P Value

Characteristic Group 1

(n = 10)

Group 2

(n = 10)

Group 3

(n = 10)

  Group
1vs

Group 2

Group 1
vs

Group 3

Group 2
vs

Group 3

Pre-tension, N 20.73 ± 
1.18

20.49 ± 
1.33

20.93 ± 
1.27

  .674 .726 .442

Tunnel length,
mm

51.01 ± 
1.52

51.31 ± 
1.35

50.77 ± 
1.10

  .619 .691 .374

Tunnel angle, ° 69.70 ± 
0.59

69.68 ± 
0.72

69.57 ± 
0.84

  .951 .690 .736

 
Results Of Mechanical Testing
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There were no signi�cant differences in failure patterns. All the samples failed because the grafts slipped
out from the bones, except two grafts in group 1 were ruptured. We showed representative load-
elongation curve in each group (Fig. 2).

ANOVA showed signi�cant differences in the tensile stiffness, ultimate load between the 3 groups (P < 
0.05) (Table 2). The tensile stiffness, ultimate load in group 1 were signi�cantly greater than those in
group 2 and group 3 (tensile stiffness, 50.49 ± 11.43 N/mm in group 1 vs 31.20 ± 10.44 N/mm in group 2
[P < 0.001] and 19.18 ± 6.18 N/mm in group 3 [P < 0.001]; ultimate load, 452.40 ± 54.52 N in group 1 vs
338.50 ± 26.79 N in group 2 [ P < 0.001] and 268.70 ± 28.30 N in group 3 [P < 0.001]). Among the 3 groups,
there was only a signi�cant difference in energy absorption between group 1 and group 3 (9.61 ± 3.25 J in
group 1 vs 7.25 ± 3.05 J in group 2 [P = 0.081], and 5.22 ± 2.43 J in group 3 [P = 0.002], 7.25 ± 3.05 J in
group 2 vs 5.22 ± 2.43 J in group 3 [P = 0.130]).

Table 2
Biomechanical Properties of Specimens

  Mean ± Standard Deviation   P Value

Biomechanical
Properties

Group 1

(n = 10)

Group 2

(n = 10)

Group 3

(n = 10)

  Group
1vs

Group
2

Group
1 vs

Group
3

Group
2 vs

Group
3

the elongation at
50N, mm

0.41 ± 0.19 0.75 ± 0.81 0.93 ± 0.70   .231 .072 .526

the elongation at
100N, mm

1.01 ± 0.50 2.12 ± 3.38 2.22 ± 1.22   .244 .207 .920

the elongation at
150N, mm

1.77 ± 0.83 3.39 ± 3.96 4.14 ± 1.75   .166 .047 .519

the elongation at
200N, mm

2.62 ± 1.10 4.88 ± 4.61 7.06 ± 3.20   .138 .006 .151

Tensile stiffness,
N/mm

50.49 ± 
11.43

31.20 ± 
10.44

19.18 ± 
6.18

  .000 .000 .009

Ultimate load, N 452.40 ± 
54.52

338.50 ± 
26.79

268.70 ± 
28.30

  .000 .000 .000

Energy absorption, J 9.61 ± 3.25 7.25 ± 3.05 5.22 ± 2.34   .081 .002 .130

 
Regarding the elongation of grafts with different effective lengths under different applied loads, we
recorded the elongation of the graft under 50 N, 100 N, 150 N and 200 N of load. At 50 N and 100 N of
applied load, the elongation of grafts with different effective lengths was not statistically signi�cant (P > 
0.05). The elongation of the long grafts was statistically greater than that of the short grafts at 150 N of
load (1.77 ± 0.83 mm in group 1 vs 4.14 ± 1.75 mm in group 3, P = 0.047). At 200 N of applied load, the
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results also showed signi�cant differences among the group 1 and group 3 (2.62 ± 1.10 mm in group 1 vs
7.06 ± 3.20 mm in group 3, P = 0.006).

Discussion
The principal �ndings of this study were that the graft with short effective length exhibited superior time-
zero biomechanical properties to the graft with medium and long effective length in the aspect of tensile
stiffness and ultimate load in PCL reconstruction. In addition, the elongation of the short grafts under 150
N and 200 N of applied load was signi�cantly less than that of the long grafts.

In our study, the current results supported our initial hypothesis and were consistent with the conclusions
of previous biomechanical study. DeFrate et al. [17] carried out a biomechanical study through Achilles
tendon grafts and demonstrated that the linear stiffness and graft resistance of the graft would be
increased statistically by decreasing the effective length of the graft from long to short. In contrast, the
conclusions of our study were more in line with actual PCL reconstruction because we considered the
effects of graft-tunnel wall interactions and �xation techniques in actual bone tunnel.

The purpose of PCL surgical reconstruction is to reproduce the biomechanical properties of PCL. In order
to achieve this purpose, the graft should match the intact PCL in biomechanical properties. However,
there is still no consensus on many factors affecting the reconstructive outcomes [1, 33–37]. According
to the �ndings of our study, the effective length of the graft should be considered as an important factor
in�uencing the reconstructive outcomes in PCL reconstruction. A theoretical analysis studied the effect of
effective graft length on the biomechanical properties of the graft in PCL reconstruction: Li et al. [18]
established a piecewise non-linear function model and used a minimal deformation energy method to
analyze the effect of effective graft length on the biomechanical properties of the PCL graft of different
materials. Their analyses demonstrated that there is a speci�c optimal length of the different graft
material to simulate the PCL and the shorter graft had higher graft structural resistance than the longer
one. Therefore, the effective length of the graft should be adjusted according to different graft materials
and shortened as much as possible within the appropriate range.

According to a biomechanical engineering theory, the length of a graft is an important factor to determine
the biomechanical properties of the graft [18]. In our study, the effective length of the graft increased with
the extraosseous length. This led to decreased graft stiffness and increased graft deformation [17, 38].
Hence, a reasonable interpretation for the improvement in biomechanical properties of the short effective
graft length group was that it had greater stiffness. Zhang et al [39] performed a biomechanical study to
measure the graft stiffness of different �xation methods (distal, combined, and proximal �xation
methods) in tibia tunnel. They reported that the proximal �xation group showed greater stiffness
compared with distal group because the graft with a shorter effective length in the proximal group.
Another study on ACL reconstruction also agreed well with our viewpoint: Ishibashi et al. [38] assessed
the effects of 3 different �xation sites (distal, central, and proximal �xation methods) on the
biomechanical properties of the graft in ACL reconstruction. They found that the most stable knee was



Page 8/14

produced by proximal �xation (The graft with a short effective length) and this �xation technique
produced superior results regarding the in-situ forces of the graft, anterior displacement of the tibia, and
internal rotation of the tibia compared with distal and central �xation.

Regarding the ultimate load, a previous study on PCL reconstruction suggested that the force of PCL
graft should reach approximately 350 N in vivo load in normal walking [40]. Ahn et al. [25] build 2 groups
in-vitro PCL reconstruction models with different approaches (10 anteromedial and 10 anterolateral
approaches) in a transtibial PCL reconstruction technique by using cadaveric tibias. They measured the
maximum load of the graft at failure after the Achilles tendon allograft was �xed with a biodegradable
screw, and found that the anteromedial group was 385.4 ± 139.7 N and anterolateral group was 225.1 ± 
144.1 N. Lee et al. [24] performed a biomechanical study and used a bio-interference screw to perform
tibial �xation of the graft, they found that the mean ultimate load was 371.3 ± 106.2 N. The mean
ultimate loads in our study in groups 1, 2, and 3 were 452.40 ± 54.52 N, 338.50 ± 26.79 N, 268.70 ± 28.30
N, respectively. We found the mean ultimate load of group 1 was higher than that of group 2 and group 3,
and the difference was statistically signi�cant among the 3 groups. The ultimate load of the graft
decreased sharply as the graft effective length increased. A potential reason was that the graft with short
effective length had greater stiffness which in�uenced its structural resistance directly. Hence, the
conclusion of our study in that the PCL graft with short effective length had satisfactory mean ultimate
load was convincing.

Regarding the elongations of grafts with different effective lengths under different load levels, our results
indicated that the elongation of the graft with short effective length was less than that of the long one
under 150N and 200N of applied loads. In our opinion, the reason was the graft with short effective
length had greater graft resistance. DeFrate et al. [17] found that the differences in elongation between
the graft with different effective lengths at lower loads were relatively small. Nevertheless, with increasing
applied loads, the elongation of the graft with short effective length was statistically less than that of the
long one. Hence, their results were consistent with our study. DeFrate et al. considered the graft will
transmit same force with the intact PCL at low applied loads, however, at higher applied loads, the graft
with long effective length cannot reproduce the biomechanical properties of the intact PCL by reason that
the non-linear force-elongation behavior of the graft. Therefore, this could draw a conclusion that a
suitable graft effective length should be chosen to restore the biomechanical properties of the intact PCL
in a large range of load.

Limitations

Our study still has certain limitations that must be acknowledged. First, we used the porcine tibia and
bovine digital �exor tendon to simulate the human knee, which may not applicable in clinical surgery.
However, in reference to previous studies, the consistency, accessibility and quality of porcine bone were
similar to young human bone and the bovine digital �exor tendon is very close to the tendon of young
human in structural and material properties [41, 42]. Furthermore, it is di�cult to obtain human
specimens, and factors such as the age of the donor are di�cult to control. Second, in this study, only the
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time-zero outcomes after PCL reconstruction were studied, and we did not carry out cyclic loading. Future
studies could perform cyclic loading to simulate daily activities and explore tendon-bone healing on the
PCL graft. Third, we selected a titanium interference screw which is not commonly used in PCL
reconstruction surgery instead of a bio-interference screw. The main reason was the soft-tissue �xation
properties of screws of different materials are similar [20]. In addition, many previous papers have used
metal screw to �x graft in biomechanical studies [39, 43].

Conclusions
This study demonstrated the time-zero biomechanical properties of the graft with short effective length
were superior to those of the graft with medium and long effective lengths in PCL reconstruction.

Abbreviations
ACL: Anterior cruciate ligament; PCL: posterior cruciate ligament; ANOVA: one-way analysis of variance;
SD: standard deviation.

Declarations
Acknowledgements

Not applicable.

Funding

This work was supported by the National Natural Science Foundation of China (82060413, 81874017,
81960403 and 82060405), the Natural Science Foundation of Gansu Province of China (20JR5RA320),
the Cuiying Scienti�c and Technological Innovation Program of Lanzhou University Second Hospital
(CY2017-ZD02). The funding body made no other contributions to any aspects of this study

Availability of data and materials

The data and materials in this paper may be made available upon request through sending e-mail to �rst
author.

Authors’ contributions

FT, YJT, FL, XHZ, HH and YYX designed the study; FT, YJT, FL, XHZ, ZCL and HW prepared the samples
and performed the test; FT, YJT, HH, LZH and YYX analyzed and interpreted the data; FT, YJT, and XHZ
wrote the initial draft; FT, YJT, HH, LZH, HW and YYX ensured the accuracy of the data. All authors read
and approved the �nal manuscript.

Ethics approval and consent to participate



Page 10/14

The protocols for collection, process, and testing of bovine digital �exor tendons and porcine tibias were
reviewed and approved by the Ethics Committee on the Care and Use of Animals of the Lanzhou
University Second Hospital, and all animals received humane care in strict accordance with the National
Institutes of Health Guidelines.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

Author details

1. Department of Orthopaedics, Lanzhou University Second Hospital, Lanzhou City, Gansu Province
730030, People’s Republic of China.

2. Orthopaedics Key Laboratory of Gansu Province, Lanzhou University Second Hospital, Lanzhou
University, Lanzhou City, Gansu Province 730030, People’s Republic of China.

References
1. Harner CD, Janaushek MA, Kanamori A, Yagi M, Vogrin TM, Woo SL: Biomechanical analysis of a

double-bundle posterior cruciate ligament reconstruction. Am J Sports Med 2000, 28(2):144-151.

2. Fanelli GC, Giannotti BF, Edson CJ: The posterior cruciate ligament arthroscopic evaluation and
treatment. Arthroscopy 1994, 10(6):673-688.

3. Schulz MS, Russe K, Weiler A, Eichhorn HJ, Strobel MJ: Epidemiology of posterior cruciate ligament
injuries. Arch Orthop Trauma Surg 2003, 123(4):186-191.

4. Teng Y, Guo L, Wu M, Xu T, Zhao L, Jiang J, Sheng X, Xu L, Zhang B, Ding N et al: MRI analysis of
tibial PCL attachment in a large population of adult patients: reference data for anatomic PCL
reconstruction. BMC Musculoskelet Disord 2016, 17(1):384.

5. Schlumberger M, Schuster P, Eichinger M, Mayer P, Mayr R, Immendörfer M, Richter J: Posterior
cruciate ligament lesions are mainly present as combined lesions even in sports injuries. Knee Surg
Sports Traumatol Arthrosc 2020, 28(7):2091-2098.

�. Viateau V, Manassero M, Anagnostou F, Guerard S, Mitton D, Migonney V: Biological and
biomechanical evaluation of the ligament advanced reinforcement system (LARS AC) in a sheep
model of anterior cruciate ligament replacement: a 3-month and 12-month study. Arthroscopy 2013,
29(6):1079-1088.

7. Buckwalter JA, Lane NE: Athletics and osteoarthritis. Am J Sports Med 1997, 25(6):873-881.

�. Hsieh YF, Draganich LF, Ho SH, Reider B: The effects of removal and reconstruction of the anterior
cruciate ligament on the contact characteristics of the patellofemoral joint. Am J Sports Med 2002,



Page 11/14

30(1):121-127.

9. Pache S, Aman ZS, Kennedy M, Nakama GY, Moatshe G, Ziegler C, LaPrade RF: Posterior Cruciate
Ligament: Current Concepts Review. Arch Bone Jt Surg 2018, 6(1):8-18.

10. Bedi A, Musahl V, Cowan JB: Management of Posterior Cruciate Ligament Injuries: An Evidence-
Based Review. J Am Acad Orthop Surg 2016, 24(5):277-289.

11. Conte EJ, Hyatt AE, Gatt CJ, Jr., Dhawan A: Hamstring autograft size can be predicted and is a
potential risk factor for anterior cruciate ligament reconstruction failure. Arthroscopy 2014,
30(7):882-890.

12. Magnussen RA, Lawrence JT, West RL, Toth AP, Taylor DC, Garrett WE: Graft size and patient age are
predictors of early revision after anterior cruciate ligament reconstruction with hamstring autograft.
Arthroscopy 2012, 28(4):526-531.

13. Kennedy NI, LaPrade RF, Goldsmith MT, Faucett SC, Rasmussen MT, Coatney GA, Engebretsen L,
Wijdicks CA: Posterior cruciate ligament graft �xation angles, part 1: biomechanical evaluation for
anatomic single-bundle reconstruction. Am J Sports Med 2014, 42(10):2338-2345.

14. Kennedy NI, LaPrade RF, Goldsmith MT, Faucett SC, Rasmussen MT, Coatney GA, Engebretsen L,
Wijdicks CA: Posterior cruciate ligament graft �xation angles, part 2: biomechanical evaluation for
anatomic double-bundle reconstruction. Am J Sports Med 2014, 42(10):2346-2355.

15. Spiridonov SI, Slinkard NJ, LaPrade RF: Isolated and combined grade-III posterior cruciate ligament
tears treated with double-bundle reconstruction with use of endoscopically placed femoral tunnels
and grafts: operative technique and clinical outcomes. J Bone Joint Surg Am 2011, 93(19):1773-
1780.

1�. Zhang X, Teng Y, Yang X, Li R, Ma C, Wang H, Han H, Geng B, Xia Y: Evaluation of the theoretical
optimal angle of the tibial tunnel in transtibial anatomic posterior cruciate ligament reconstruction by
computed tomography. BMC Musculoskelet Disord 2018, 19(1):436.

17. DeFrate LE, van der Ven A, Gill TJ, Li G: The effect of length on the structural properties of an Achilles
tendon graft as used in posterior cruciate ligament reconstruction. Am J Sports Med 2004, 32(4):993-
997.

1�. Li G, DeFrate L, Suggs J, Gill T: Determination of optimal graft lengths for posterior cruciate ligament
reconstruction--a theoretical analysis. J Biomech Eng 2003, 125(2):295-299.

19. Walsh MP, Wijdicks CA, Parker JB, Hapa O, LaPrade RF: A comparison between a retrograde
interference screw, suture button, and combined �xation on the tibial side in an all-inside anterior
cruciate ligament reconstruction: a biomechanical study in a porcine model. Am J Sports Med 2009,
37(1):160-167.

20. Aga C, Rasmussen MT, Smith SD, Jansson KS, LaPrade RF, Engebretsen L, Wijdicks CA:
Biomechanical comparison of interference screws and combination screw and sheath devices for
soft tissue anterior cruciate ligament reconstruction on the tibial side. Am J Sports Med 2013,
41(4):841-848.



Page 12/14

21. Kiapour AM, Fleming BC, Murray MM: Biomechanical Outcomes of Bridge-enhanced Anterior
Cruciate Ligament Repair Are In�uenced by Sex in a Preclinical Model. Clin Orthop Relat Res 2015,
473(8):2599-2608.

22. Camarda L, Pitarresi G, Moscadini S, Marannano G, San�lippo A, D'Arienzo M: Effect of suturing the
femoral portion of a four-strand graft during an ACL reconstruction. Knee Surg Sports Traumatol
Arthrosc 2014, 22(5):1040-1046.

23. Lee YS, Han SH, Kim JH: A biomechanical comparison of tibial back side �xation between
suspensory and expansion mechanisms in trans-tibial posterior cruciate ligament reconstruction.
Knee 2012, 19(1):55-59.

24. Lee YS, Wang JH, Bae JH, Lim HC, Park JH, Ahn JH, Bae TS, Lim BO: Biomechanical evaluation of
cross-pin versus interference screw tibial �xation using a soft-tissue graft during transtibial posterior
cruciate ligament reconstruction. Arthroscopy 2009, 25(9):989-995.

25. Ahn JH, Bae JH, Lee YS, Choi K, Bae TS, Wang JH: An anatomical and biomechanical comparison of
anteromedial and anterolateral approaches for tibial tunnel of posterior cruciate ligament
reconstruction: evaluation of the widening effect of the anterolateral approach. Am J Sports Med
2009, 37(9):1777-1783.

2�. Shin YS, Han SB, Hwang YK, Suh DW, Lee DH: Tibial tunnel aperture location during single-bundle
posterior cruciate ligament reconstruction: comparison of tibial guide positions. Arthroscopy 2015,
31(5):874-881.

27. Greis PE, Burks RT, Bachus K, Luker MG: The in�uence of tendon length and �t on the strength of a
tendon-bone tunnel complex. A biomechanical and histologic study in the dog. Am J Sports Med
2001, 29(4):493-497.

2�. Miller MD, Olszewski AD: Cruciate ligament graft intra-articular distances. Arthroscopy 1997,
13(3):291-295.

29. Yang DL, Cheon SH, Oh CW, Kyung HS: A comparison of the �xation strengths provided by different
intraosseous tendon lengths during anterior cruciate ligament reconstruction: a biomechanical study
in a porcine tibial model. Clin Orthop Surg 2014, 6(2):173-179.

30. Chia SL, Kapoor V, Ali MM, Lie D, Chang PC, Mitra AK, Tay BK: The posterior cruciate ligament: an
anthropometric study in Asians and evaluation of safe limits for bony tunnel creation during
reconstruction. Ann Acad Med Singap 2002, 31(5):631-635.

31. Fleming BC, Magarian EM, Harrison SL, Paller DJ, Murray MM: Collagen scaffold supplementation
does not improve the functional properties of the repaired anterior cruciate ligament. J Orthop Res
2010, 28(6):703-709.

32. Seil R, Rupp S, Krauss PW, Benz A, Kohn DM: Comparison of initial �xation strength between
biodegradable and metallic interference screws and a press-�t �xation technique in a porcine model.
Am J Sports Med 1998, 26(6):815-819.

33. Galloway MT, Grood ES, Mehalik JN, Levy M, Saddler SC, Noyes FR: Posterior cruciate ligament
reconstruction. An in vitro study of femoral and tibial graft placement. Am J Sports Med 1996,



Page 13/14

24(4):437-445.

34. Gi�n JR, Haemmerle MJ, Vogrin TM, Harner CD: Single- versus double-bundle PCL reconstruction: a
biomechanical analysis. J Knee Surg 2002, 15(2):114-120.

35. Mannor DA, Shearn JT, Grood ES, Noyes FR, Levy MS: Two-bundle posterior cruciate ligament
reconstruction. An in vitro analysis of graft placement and tension. Am J Sports Med 2000,
28(6):833-845.

3�. Markolf KL, McAllister DR, Young CR, McWilliams J, Oakes DA: Biomechanical effects of medial-
lateral tibial tunnel placement in posterior cruciate ligament reconstruction. J Orthop Res 2003,
21(1):177-182.

37. Teng Y, Zhang X, Ma C, Wu H, Li R, Wang H, Han H, Xia Y: Evaluation of the permissible maximum
angle of the tibial tunnel in transtibial anatomic posterior cruciate ligament reconstruction by
computed tomography. Arch Orthop Trauma Surg 2019, 139(4):547-552.

3�. Ishibashi Y, Rudy TW, Livesay GA, Stone JD, Fu FH, Woo SL: The effect of anterior cruciate ligament
graft �xation site at the tibia on knee stability: evaluation using a robotic testing system. Arthroscopy
1997, 13(2):177-182.

39. Zhang X, Teng Y, Li R, Ma C, Yang X, Wang H, Han H, Jiang J, Geng B, Wu M et al: Proximal, Distal,
and Combined Fixation Within the Tibial Tunnel in Transtibial Posterior Cruciate Ligament
Reconstruction: A Time-Zero Biomechanical Study In Vitro. Arthroscopy 2019, 35(6):1667-1673.

40. Morrison JB: The mechanics of the knee joint in relation to normal walking. J Biomech 1970, 3(1):51-
61.

41. Donahue TL, Gregersen C, Hull ML, Howell SM: Comparison of viscoelastic, structural, and material
properties of double-looped anterior cruciate ligament grafts made from bovine digital extensor and
human hamstring tendons. J Biomech Eng 2001, 123(2):162-169.

42. Paschal SO, Seemann MD, Ashman RB, Allard RN, Montgomery JB: Interference �xation versus
post�xation of bone-patellar tendon-bone grafts for anterior cruciate ligament reconstruction. A
biomechanical comparative study in porcine knees. Clin Orthop Relat Res 1994(300):281-287.

43. Lawley RJ, Klein SE, Chudik SC: Reverse Anterior Cruciate Ligament Reconstruction Fixation: A
Biomechanical Comparison Study of Tibial Cross-Pin and Femoral Interference Screw Fixation.
Arthroscopy 2017, 33(3):625-632.

Figures



Page 14/14

Figure 1

Effective length of the graft in transtibial posterior cruciate ligament reconstruction. The effective graft
length of group 1 was 35 mm; group 2, 55 mm; and group 3, 65 mm.

Figure 2

Representative load-elongation curves in 3 groups. The ultimate load of each group was labeled.


