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Background: Anterior cruciate ligament (ACL) injury is the most common traumatic injury to the knee
joint. Suspensory fixation has become popular in ACL reconstruction because of its high primary stability,
less invasiveness, and surgical convenience. There are two common types of suspensory fixation devices:
those with fixed-length and those with adjustable-length loops. Owing to structural differences and
differences in initial tensioning techniques, it is expected that mechanical property and damage to the
tendons will vary from device to device; however, no literature has examined this so far. The main
purpose of this study was to evaluate the damage caused to the tendon by three different suspensory
fixation devices. An effective mechanical test was carried out as a prerequisite.
Methods: First, the mechanical properties of simple loop device (SLD) as fixed-length loop device, first-
generation, and second-generation adjustable devices (AD1 and AD2) as adjustable-length loop devices
were tested (isolated device testing). Second, each device was tested using bovine extensor tendons
(specimen testing). Cyclic testing included 2000 cycles; the devices were subsequently displaced until
failure, and the ultimate tensile strength was determined using isolated device testing. Six samples of 3
devices were used in each testing experiment. After specimen testing, the surface structure of the tendon
was evaluated quantitatively using optical coherence tomography (OCT) and our original histological
scoring system.
Results: During isolated device testing, SLD demonstrated the least cyclic displacement, followed by AD1
and AD2. The highest ultimate tensile strength was observed in AD2, followed by SLD and AD1. In
specimen testing, the least cyclic displacement was observed in SLD, followed by AD1 and AD2. Histo-
logically, AD1 demonstrated a significantly lower score, with damaged surface morphology, than SLD and
AD2. OCT values were significantly higher, with a more disturbing tendon surface structure, in AD1 than
in SLD and AD2.
Conclusions: The first-generation adjustable loop device exhibited greatest graft tissue damage at the
suspensory site in a clinically relevant setting. The thinner adjustable loop mechanism may have elevated
graft damage by frictional stresses during loop adjustment or by repetitive tensioning stresses.
© 2022 Asia Pacific Knee, Arthroscopy and Sports Medicine Society. Published by Elsevier (Singapore) Pte
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
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1. Introduction

Anterior cruciate ligament (ACL) injury is the most common
traumatic injury to the knee joint. ACL reconstruction is the gold
standard in the treatment of ACL injury.1e3 The success of ACL
reconstruction is highly dependent on several factors such as graft
selection, tunnel positioning, and the mechanical properties of the
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fixation device. Trojani et al. investigated the cause of anterior
cruciate ligament reconstruction failure in a multicentre retro-
spective study and reported that fixation system failure accounted
for 5% of the failure.4 Recently, suspensory fixation has become
popular in ACL reconstruction because of its high primary stability,
relatively low invasiveness, and surgical convenience.5e7 Currently,
there are two common types of suspensory fixation devices: fixed-
length and adjustable-length loops. Although an adjustable-length
loop has the advantages of bone preservation and a greater contact
area between the grafted tendon and bone tunnel, its disadvantage
is loop lengthening after cyclic loading.8,9 However, few studies
have shown significant differences in their clinical effect, and
therefore the optimal femoral fixation device remains
controversial.

Simple loop device (SLD) is a clinically widely used fixed-length
loop device with a continuous-loop polyester suture. The first-
generation adjustable fixation device (AD1) is an adjustable-loop
device with a Chinese finger trap mechanism and became popu-
lar in ACL reconstruction. This AD1 includes an ultrahigh molecular
weight polyethylene and polyester suture running through the
button, and its traction part has a simple structure in which thin
loops are combined in the form of a chain. In comparison to SLD, a
possible disadvantage of AD1 is its thin loop which potentially
causes friction between the grafted tendon and the loop during
length adjustment and more stress on tendon. To improve these
points, the second-generation adjustable device (AD2) was intro-
duced in clinical practice. The AD2 is composed of ultrahigh mo-
lecular weight polyethylene and a unique cradle shape. In addition
to the relatively thick structure of the cradle itself, the threadmoves
inside the cradle during loop adjustment, resulting in minimal
friction with the graft tendon, which may improve the level of
damage to the graft tendon. We suspect that friction stress during
loop adjustment and graft suspension over a smaller contact area
could result in increased mechanical stress on the graft, thus,
resulting in graft failure. However, no studies have evaluated the
effect of the suspensory fixation device on graft damage.

The main purpose of this study was to clarify how structural
differences in the loop mechanism affect mechanical damages to
tendon tissue. Themechanical strength and loop lengthening of the
three suspensory devices (SLD, AD1, and AD2) were investigated to
ensure that a valid mechanical testing was performed. We hy-
pothesized that 1) devices that induce friction stress on soft tissue
with the adjustable mechanism would cause more damage to the
graft, and 2) devices with smaller loop diameters would have a
potential to cause more damage to the graft.

2. Materials and methods

The three suspensory fixation devices tested in this study were
SLD 20 mm (EndoButton™ CL, Smith & Nephew, London, UK), AD1
(TightRope®, Arthrex, Naples, FL, USA), and AD2 (UltraButton™ CL,
Smith & Nephew, London, UK) (Fig. 1A, B, C). The 20-mm loop
length used in this study is a particularly commonly used size for
ACL reconstruction and has also been frequently used in previous
reports.8,9 Each device was tested with two separate and inde-
pendent protocols, and all the devices used in each protocol were
brand new. First, the biomechanical properties of each device were
tested (isolated device testing). Second, each device was tested on
bovine extensor tendons to mimic actual clinical grafting (spec-
imen testing). The number of samples for each device was 6 in both
protocols. The tests were performed using a Shimadzu dynamic
fatigue testing machine (SERVOPULSER, Shimadzu Corporation,
Kyoto, Japan). The jig used in this experiment was a custom-made
apparatus according to previous report (NISSIN SEIKI, Hiroshima,
Japan).10
2

2.1. Set up for isolated device testing

To evaluate the properties of the devices without the influence
of the biological environment, initial testing was performed using a
custom-made apparatus that consisted of a steel plate as the cortex
and a steel rod, which applied force to the loop of each fixation
device (Fig. 1D). The thickness of the central part of the loop in each
device (N ¼ 6) was measured to clarify the characteristic shape of
loop in each type of suspensory device using a digital calliper
(Shinwa Rules Co, Niigata, Japan). Themeasurement was performed
under 50 N of tension to the loop using a 6 mm diameter steel rod.

Tunnel diameters were 4.0 mm for AD1 and 4.5 mm for SLD and
AD2. Each tunnel diameter was chosen according to the size of
buttons. The thickness of the plate (8 mm) was set not to impinge
with the loop of devices and not to distorted by the force of 2000 N.
The cortical buttons were inserted through a hole into the steel
plate, and the steel rod was inserted into the SLD loop. The distance
from the upper edge of the plate to the lower edge of the rod was
set to 20 mm. AD1 and AD2 were set up similarly, and maximum
tension was manually applied to reduce the loop size from 35 mm
to 20 mm using a dedicated recommended device to reproduce the
surgical procedure. Both devices were completely tightened before
testing commenced.

2.2. Set up for specimen testing

The lower legs of bovines slaughtered for meat were purchased,
and three extensor tendons were excised from each leg following
previous reports.11,12 The harvested tendons were cleared of
adherent muscle fibres and surrounding soft-tissue, and their di-
ameters weremeasured using a diameter measurement tool (Smith
and Nephew, Andover, USA). Tendons of similar diameters were
then selected to eliminate the influence of individual differences.
Selected tendons were cut to a length of 150 mm before being
wrapped and stored at �20 �C until use following a previous
report.13 For specimen testing, tendons were thawed by immersing
them in phosphate buffer solution (PBS) on the testing day. Similar
to isolated device testing, the cortical button was placed on the
steel plate, and the extensor tendon was suspended on the loop of
the device and secured with a dedicated clamp (Fig. 1E).10 The
testingmachinewas set such that the distance from the plate to the
clamp was 50 mm with the SLD loop and the extensor tendon
under tension. AD1 and AD2 were tested in similar conditions, and
maximum tension was manually applied to reduce the loop size to
from 35 mm to 20 mm using a dedicated recommended device for
each device following the practical surgical procedure.

2.3. Testing protocols

A constant preload of 50 N was applied to the device or spec-
imen for 30 s, and the displacement was measured. This mea-
surement was described as preload displacement. The point at
which the displacement reached a plateau was set as the zero-
displacement point in the next cyclic testing, which was per-
formed by applying sinusoidal loading of 50e250 N at a frequency
of 2 Hz for 2000 cycles. We set these testing protocols, simulating
walking movements, following previous reports.14e16 Data were
recorded every two cycles, and the elongation from the zero-
displacement point at the time of the 50 N load at 2000 cycles
was defined as cyclic displacement. For the isolated device testing
protocol, the devices were further displaced at 1 mm/s until failure.
The first visible drop in load was described as the ultimate tensile
strength. After cyclic loading with specimen testing, the bovine
tendons were carefully removed from the apparatus for tissue
evaluation.



Fig. 1. Images of suspensory devices and testing devices.
A. Simple loop device (SLD) with a 20-mm continuous-loop suture. B. The first-generation adjustable device (AD1). C. Second-generation adjustable device (AD2). D. Set up for
isolated device testing. Each device was suspended using a steel rod with diameter of 6 mm. The length of loop was adjusted to 20 mm. E. Set up for specimen testing. Bovine
tendon was suspended on each device and held with tendon clamp. The length of loop was adjusted to 20 mm following isolated device testing and the distance from the plate to
the clamp was set to 50 mm.
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2.4. Optical coherence tomography

After specimen testing, the tissuewas fixed in PBS containing 4%
paraformaldehyde for 24 h. Fixed samples were washed with PBS
and stored at 4 �C until analysis. In addition, samples of normal
tendon tissue (N ¼ 6) were prepared with the same procedure as a
control group. To quantitatively evaluate tendon fibre irregularity,
two-dimensional (2-D) optical coherence tomography (OCT) im-
ages were obtained. OCT measurements of all bovine tendon
samples were performed using a spectral-domain OCT device
(Thorlabs, NJ, USA) (Fig. 2A). The image taken at the centre of the
suspension part was acquired on the short axis in the range of
200 mm. The field of view in each sample was 4.0 � 3.0 mm
(width � depth), generating a 2-D data matrix of 400 � 512 pixels
(Fig. 2B). The 2-D B-scan thus obtained was used for further anal-
ysis. For quantitative image analysis of OCT data, custom-made
software was utilized with MATLAB (MathWorks Inc., MA, USA).
To examine the surface area in contact with the suspension device,
we selected a region of interest (ROI) 200 � 120 mm
(width � depth) in each sample. This ROI was divided into three
zones from top to bottom: the superficial zone (SZ), middle zone
(MZ), and deep zone (DZ) (Fig. 2C). Using custom-made software,
we obtained mean OCT values of the reflection intensity of tissue
samples using values from each pixel. Increased OCT values
represent a rough structure due to surface damage. The mean OCT
values of each zone was obtained and compared between the
devices.

2.5. Histological evaluation

After OCT imaging, the bovine tendon was cut to 20 mm for
sectioning, including the site where the suspensory fixation device
was in contact. The samples were embedded in paraffin and
sectioned at a thickness of 4.5 mm, deparaffinized in xylene, dehy-
drated using an ethanol series, and stained with haematoxylin-
eosin. The surface structure of the suspension part of the tendon
was then observedmicroscopically. Each sectionwas scored using a
3

scale of 0e3 points according to the surface structure in a blinded
manner (0: extremely smooth; 1: relatively smooth; 2: rough and
irregular; 3: extremely rough and irregular) (Fig. 3). Intra- and
interobserver reliabilities for the histological scoring were assessed
by two independent observers. For intra-observer reliabilities,
scoring was performed on two occasions separated by 4 weeks.
Reliabilities for measurements of interval data were assessed with
the intraclass correlation coefficients (ICCs). The ICC values were
analysed using SPSS software (SPSS, Inc., IL, USA). The intra- and
interobserver ICCs for histological scoring were both excellent
(intraobserver: 0.951, 95% confidence interval (CI) [0.88, 0.98],
interobserver: 0.860, 95% CI [0.67,0.95]).

2.6. Statistical analysis

All values are expressed as mean ± standard deviation. We
performed a statistical analysis of the thickness of the central part
of the loop, the cyclic displacement, tensile strength, tendon
diameter, OCT values, and histological score between the three
groups. KruskaleWallis test with Dunn's post hoc test was carried
out to compare the three groups. P values < 0.05 were considered
statistically significant. All statistical analyses were performed us-
ing GraphPad PRISM (GraphPad Software, Inc., CA, USA).

In the statistical power analysis, it was estimated that the
sample size of this study (six devices for each group) was adequate
to achieve a statistical power of 99% with less than a 5% probability
of a type I error and a 95% confidence interval.17e19

3. Results

3.1. Isolated device testing

The thickness of the central part of the loop was significantly
thicker in SLD (2.88 ± 0.19 mm) than that in AD1 (1.03 ± 0.08 mm,
p < 0.001) and AD2 (2.02 ± 0.03 mm, p < 0.001), and AD2 was
significantly thicker than AD1 (p < 0.001).

The cyclic displacement after 2000 cycles in SLD



Fig. 2. Optical coherence tomography.
A. Apparatus and specimen setting for image acquisition of optical coherence tomography (OCT). B. Acquired raw OCT image and field of view (FOV) (left), 4.0 mm in width and 3.0
in depth, and selected area of region of interest (ROI) for analysis (right). C. Three zones of region of interest (ROI), 200 mm in width and 120 mm in depth, with 400 x 512 pixels for
analysis of OCT value. Higher OCT value was presented whiter colour. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 3. Histological grading system.
A. Extremely smooth, score 0. B. relatively smooth, score 1. C. rough and irregular, score
2. D. Extremely rough and irregular, score 3.
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(0.57 ± 0.10 mm) was significantly smaller than those of AD1
(1.14 ± 0.13 mm, p ¼ 0.003) and AD2 (1.21 ± 0.29 mm, p ¼ 0.001),
while no significant difference was identified between AD1 and
AD2 (p > 0.99) (Fig. 4A).

The ultimate tensile strength in AD1 (836 ± 40 N) was signifi-
cantly lower than those in SLD (1419 ± 122 N, p ¼ 0.015) and AD2
(1682 ± 151 N, p ¼ 0.007), while no significant difference was
identified between SLD and AD2 (p¼ 0.091). All failures occurred at
the centre part of the loop in both SLD and AD1, whereas in AD2, all
4

buttons were brokenwith bendedmanner at the part of connection
with the loop.
3.2. Specimen testing

Before specimen testing, we confirmed that there was no sig-
nificant difference in tendon diameter between the three groups
(SLD: 9.75 ± 0.69 mm; AD1: 9.67 ± 0.23 mm; and AD2: 9.41 ± 0.67,
p > 0.99). The cyclic displacement after 2000 cycles in SLD
(1.77 ± 0.20 mm) was significantly smaller than those of AD1
(2.47 ± 0.31 mm, p ¼ 0.019) and AD2 (2.77 ± 0.56 mm, p ¼ 0.001),
while no significant difference was identified between AD1 and
AD2 (p ¼ 0.599) (Fig. 4B).
3.3. Optical coherence tomography

OCT values were significantly higher in each zone in AD1 than in
SLD and AD2 (SZ: p < 0.001, MZ: p < 0.001, DZ: p < 0.001, in both
comparisons). In the superficial zone, AD2 had significantly higher
values compared to SLD (p < 0.001). On the other hand, in the
middle and deep zones, SLD had significantly higher values than
AD2 (MZ: p < 0.001, DZ: p < 0.001). In comparison with normal
tendon tissue, SLD had significantly higher OCT values in the
middle and deep zones (SZ: p > 0.99, MZ: p < 0.001, DZ: p < 0.001),
AD1 had significantly higher values in All zones (SZ: p < 0.001, MZ:
p < 0.001, DZ: p < 0.001), and AD2 had significantly higher value
only in the superficial zone (SZ: p < 0.001, MZ: p > 0.99, DZ:
p ¼ 0.103) (Fig. 5).



Fig. 4. Isolated device and specimen mechanical testing.
A. Mean displacement after 2000 cycles of load in isolated device testing. B. Mean displacement after 2000 cycles of load in specimen testing.

Fig. 5. Image analysis and comparison of optical coherent tomography data among groups.
A. Representative optical coherence tomography (OCT) images of each group. SLD, simple loop device; AD1, first-generation adjustable fixation device, AD2, second-generation
adjustable fixation device. B. Comparison of OCT values in each zone of the surface between the groups.
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3.4. Gross observation and histological evaluation

Macroscopic observation revealed a depression of the tendon
surface according to the respective diameter at the site contacting
with the loop (Fig. 6A). Histological findings demonstrated
5

extremely rough and irregular surface in AD1 compared to SLR and
AD2 samples (Fig. 6B). Histological scores were significantly higher
for AD1 (2.5 ± 0.8) than for SLD (0.7 ± 0.7, p ¼ 0.020) and AD2
(0.8 ± 0.7, p ¼ 0.048), while no significant difference was identified
between SLD and AD2 (p > 0.99) (Fig. 6C).



Fig. 6. Gross observation and Histological evaluation.
A. Macroscopic findings: left is frontal view of the area in contact with the suspension device, right is cross-sectional view from the side. B. Microscopic findings: Haematoxylin-
eosin staining (original magnification X200). Scale bar represents 100 mm. C. Comparison of histological scores between the groups.
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4. Discussion

The most important finding of this biomechanical and histo-
logical study is that the damage to the tendon surface differed with
each suspensory fixation device. The surface structure of the graft
on the suspension part showed severer damage from the AD1
compared with SLD and AD2. These results were consistent with
our original hypothesis.

In the field of orthopaedics, OCT was introduced first for the
evaluation of articular cartilage.20 Martin et al. reported that OCT
holds promise as a method for assessing the microstructural or-
ganization of the tendons and ligaments.21 OCT has also been used
to assess damage to the tendon tissue because heavy damage to the
connective tissue leads to the loss of an ordered structure such as
fibre disruption and tearing, and consequently changes the tissue's
optical properties.22 In this study, the use of OCT allowed for a
quantitative assessment of the surface of the tendon where it is in
contact with the suspensory fixation device. Moreover, the histo-
logical findings of the surface of the tendon revealed a similar trend
to OCT findings. Particularly, significant surface structural changes
were observed with AD1 in both OCT and histological evaluations.

Since the pressure per unit area is inversely proportional to the
thickness, the use of thin loops will increase the force exerted on
the suspensory part of the tendon. As a concern at the outset, it was
suggested that AD1 with an adjustable mechanism and a small
diameter could affect the surface structure of the tendon at the
contact area. In recent mechanical testing study, Dias et al. inves-
tigated the effect of the contact force, pressure and area of suture
materials on the tendon. They concluded that suture tape, larger
contact area, has smaller pressure over the tendon compared to the
suture wire, smaller contact area, and this may lead a favourable
perfusion environment for tendon healing.23 Hence, the effects of
an adjustable-length device on the graft surface may affect graft
maturation or cause the failure of ACL reconstruction due to poor
perfusion environment, although further studies will be required to
investigate this in vivo.

This study demonstrated that the fixed-length device (SLD)
showed the least amount of lengthening during cyclic loading
compared to adjustable-length devices (AD1 and AD2). However,
the mechanical strength of AD2, an adjustable-length device, was
greater than that of the other two devices. The results of this cyclic
6

displacement were similar to previous reports, confirming that a
valid test was performed.8,9

The critical period for the performance of a fixation device to
maintain joint stability is reported to be 6e12 weeks post-
operatively before graft incorporation takes place.,24e26 One of the
factors that determine postoperative fixation strength is the ulti-
mate tensile strength. The highest ultimate tensile strength was
observed with AD2, followed by that in SLD and AD1. It is estimated
that graft fixation devices may withstand loads of at least
450e500 N during early rehabilitation.27 Therefore, each of the
devices used in this study was strong enough to bear this load.

The Chinese finger trap mechanism is a critical feature for
allowing adjustable length; however, lengthening of the loop in the
early phase could be a major problem associated with this de-
vice.15,18,28 To secure the initial fixation, firm tensioning is neces-
sary to avoid lengthening during surgery. AD1 has a simple
structure; therefore, it is easy to apply enough tension during loop
adjustment (Fig. 7A). In contrast, AD2 has three loops, making it
difficult to apply tension to all the loops and, therefore, requires
careful procedures. Additionally, since two loops are contained in
the sheath of the Chinese finger trap, there is a gap between the
sheath and loop; therefore, there is a possibility that the loop may
loosen if it is not provided with enough tension (Fig. 7B). Thus,
suture slippage into the sheath of the Chinese finger trap could be a
critical reason for the difficulty in applying the tension as well. For
the AD2 in particular, the low profile of the sheath for graft pro-
tection may affect lengthening compared with the simple Chinese
finger trap mechanism.

There are several limitations to this current study. First, we
tested only one condition for initial tension and cyclic load. The
stress upon reconstructed tendon via a suspension device is varied
during patient own daily activity. Therefore, it will be favourable to
carry out different conditions as further studies. Second, the
experiment was performed in dry conditions; a wet environment
that simulates the in vivo joint might have a potential to demon-
strate more precise data. Third, it is unclear whether it was cyclic
loading or friction stress during loop length adjustment that
affected tendon surface damage. Also, the effect of the damage to
the tendon surface on the strength of the reconstructed ligament
remains unclear. However, there is no study to investigate the graft
damage due to suspensory fixation device. This study will provide



Fig. 7. Difference of Chinese finger trap mechanism between the first- and second adjustable devices.
Macroscopic image and schema of the first-generation adjustable device (AD1) (A) and second-generation adjustable device (AD2) (B).
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new insight into how the surgeon select suspensory fixation device
for more promising ACL reconstruction. To overcome these limi-
tations, in vivo experiments with large animals and cadavers under
various conditions will be needed in the future.

5. Conclusions

Among the three representative suspensory devices utilized in
modern ACL reconstruction, the first-generation adjustable loop
device exhibited greatest graft tissue damage at the suspensory
site, after experimental cyclic loading in a clinically relevant setting.
Potentially, the thinner adjustable loop mechanism may have
elevated graft damage by repetitive tensioning stresses with higher
contact force and pressure.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Author's contributions

TK performed biomechanical testing, histological evaluation,
statistical analysis, and drafted the manuscript. MI conceived and
designed the study, coordination, carried out image acquisition and
analysis of optical coherence tomography and helped to draft the
manuscript. YO, HA, and AS analyzed and supervised biomechan-
ical testing. MO analyzed and supervised optical coherence to-
mography. GK and AN performed data analysis and interpretation.
NA supervised the project and preformed proof reading the article.
All authors read and approved the final manuscript.

Declaration of competing interest

The authors have no conflicts of interest relevant to this article.

Acknowledgments

The authors would like to thank Smith & Nephew and Arthrex
for donating the devices and technical support and Editage (www.
editage.com) for English language editing.

References

1. Domnick C, Garcia P, Raschke MJ, et al. Trends and incidences of ligament-
surgeries and osteotomies of the knee: an analysis of German inpatient re-
cords 2005-2013. Arch Orthop Trauma Surg. 2017;137(7):989e995. https://
doi.org/10.1007/s00402-017-2704-0.

2. MARS Group. Meniscal and articular cartilage predictors of clinical outcome
after revision anterior cruciate ligament reconstruction. Am J Sports Med.
2016;44(7):1671e1679. https://doi.org/10.1177/0363546516644218.

3. Wald�en M, H€agglund M, Magnusson H, Ekstrand J. ACL injuries in men's pro-
fessional football: a 15-year prospective study on time trends and return-to-
7

play rates reveals only 65% of players still play at the top level 3 years after
ACL rupture. Br J Sports Med. 2016;50(12):744e750. https://doi.org/10.1136/
bjsports-2015-095952.

4. Trojani C, Sbihi A, Djian P, et al. Causes for failure of ACL reconstruction and
influence of meniscectomies after revision. Knee Surg Sports Traumatol Arthrosc.
2011;19(2):196e201. https://doi.org/10.1007/s00167-010-1201-6.

5. Budny J, Fox J, Rauh M, Fineberg M. Emerging trends in anterior cruciate lig-
ament reconstruction. J Knee Surg. 2017;30(1):63e69. https://doi.org/10.1055/
s-0036-1579788.

6. Lenschow S, Schliemann B, Schulze M, Raschke M, K€osters C. Comparison of
outside-in and inside-out technique for tibial fixation of a soft-tissue graft in
ACL reconstruction using the Shim technique. Arch Orthop Trauma Surg.
2014;134(9):1293e1299. https://doi.org/10.1007/s00402-014-2029-1.

7. Mayr R, Heinrichs CH, Eichinger M, Coppola C, Schmoelz W, Attal R. Biome-
chanical comparison of 2 anterior cruciate ligament graft preparation tech-
niques for tibial fixation: adjustable-length loop cortical button or interference
screw. Am J Sports Med. 2015;43(6):1380e1385. https://doi.org/10.1177/
0363546515574062.

8. Houck DA, Kraeutler MJ, McCarty EC, Bravman JT. Fixed- versus adjustable-loop
femoral cortical suspension devices for anterior cruciate ligament reconstruc-
tion: a systematic review and meta-analysis of biomechanical studies. Orthop J
Sports Med. 2018;6(10), 2325967118801762. https://doi.org/10.1177/
2325967118801762.

9. Singh S, Shaunak S, Shaw SCK, Anderson JL, Mandalia V. Adjustable loop
femoral cortical suspension devices for anterior cruciate ligament reconstruc-
tion: a systematic review. Indian J Orthop. 2020;54(4):426e443. https://doi.org/
10.1007/s43465-019-00022-4.

10. Shi D, Wang D, Wang C, Liu A. A novel, inexpensive and easy to use tendon
clamp for in vitro biomechanical testing. Med Eng Phys. 2012;34(4):516e520.
https://doi.org/10.1016/j.medengphy.2011.11.019.

11. Ahmad CS, Gardner TR, Groh M, Arnouk J, Levine WN. Mechanical properties of
soft tissue femoral fixation devices for anterior cruciate ligament reconstruc-
tion. Am J Sports Med. 2004;32(3):635e640. https://doi.org/10.1177/
0363546503261714.

12. Walsh MP, Wijdicks CA, Parker JB, Hapa O, LaPrade RF. A comparison between a
retrograde interference screw, suture button, and combined fixation on the
tibial side in an all-inside anterior cruciate ligament reconstruction: a biome-
chanical study in a porcine model. Am J Sports Med. 2009;37(1):160e167.
https://doi.org/10.1177/0363546508323747.

13. Beynnon BD, Amis AA. In vitro testing protocols for the cruciate ligaments and
ligament reconstructions. Knee Surg Sports Traumatol Arthrosc. 1998;6(Suppl
1):S70eS76. https://doi.org/10.1007/s001670050226.

14. Petre BM, Smith SD, Jansson KS, et al. Femoral cortical suspension devices for
soft tissue anterior cruciate ligament reconstruction: a comparative biome-
chanical study. Am J Sports Med. 2013;41(2):416e422. https://doi.org/10.1177/
0363546512469875.

15. Eguchi A, Ochi M, Adachi N, Deie M, Nakamae A, Usman MA. Mechanical
properties of suspensory fixation devices for anterior cruciate ligament
reconstruction: comparison of the fixed-length loop device versus the
adjustable-length loop device. Knee. 2014;21(3):743e748. https://doi.org/
10.1016/j.knee.2014.02.009.

16. Smith PA, Piepenbrink M, Smith SK, Bachmaier S, Bedi A, Wijdicks CA.
Adjustable- versus fixed-loop devices for femoral fixation in ACL reconstruc-
tion: an in vitro full-construct biomechanical study of surgical technique-based
tibial fixation and graft preparation. Orthop J Sports Med. 2018;6(4). https://
doi.org/10.1177/2325967118768743, 2325967118768743.

17. Kamelger FS, Onder U, Schmoelz W, Tecklenburg K, Arora R, Fink C. Suspensory
fixation of grafts in anterior cruciate ligament reconstruction: a biomechanical
comparison of 3 implants. Arthroscopy. 2009;25(7):767e776. https://doi.org/
10.1016/j.arthro.2009.01.021.

18. Barrow AE, Pilia M, Guda T, Kadrmas WR, Burns TC. Femoral suspension de-
vices for anterior cruciate ligament reconstruction: do adjustable loops
lengthen? Am J Sports Med. 2014;42(2):343e349. https://doi.org/10.1177/
0363546513507769.

19. Chang MJ, Bae TS, Moon Y-W, Ahn JH, Wang JH. A comparative biomechanical
study of femoral cortical suspension devices for soft-tissue anterior cruciate
ligament reconstruction: adjustable-length loop versus fixed-length loop.

http://www.editage.com
http://www.editage.com
https://doi.org/10.1007/s00402-017-2704-0
https://doi.org/10.1007/s00402-017-2704-0
https://doi.org/10.1177/0363546516644218
https://doi.org/10.1136/bjsports-2015-095952
https://doi.org/10.1136/bjsports-2015-095952
https://doi.org/10.1007/s00167-010-1201-6
https://doi.org/10.1055/s-0036-1579788
https://doi.org/10.1055/s-0036-1579788
https://doi.org/10.1007/s00402-014-2029-1
https://doi.org/10.1177/0363546515574062
https://doi.org/10.1177/0363546515574062
https://doi.org/10.1177/2325967118801762
https://doi.org/10.1177/2325967118801762
https://doi.org/10.1007/s43465-019-00022-4
https://doi.org/10.1007/s43465-019-00022-4
https://doi.org/10.1016/j.medengphy.2011.11.019
https://doi.org/10.1177/0363546503261714
https://doi.org/10.1177/0363546503261714
https://doi.org/10.1177/0363546508323747
https://doi.org/10.1007/s001670050226
https://doi.org/10.1177/0363546512469875
https://doi.org/10.1177/0363546512469875
https://doi.org/10.1016/j.knee.2014.02.009
https://doi.org/10.1016/j.knee.2014.02.009
https://doi.org/10.1177/2325967118768743
https://doi.org/10.1177/2325967118768743
https://doi.org/10.1016/j.arthro.2009.01.021
https://doi.org/10.1016/j.arthro.2009.01.021
https://doi.org/10.1177/0363546513507769
https://doi.org/10.1177/0363546513507769


T. Kano, M. Ishikawa, Y. Ogawa et al. Asia-Pacific Journal of Sports Medicine, Arthroscopy, Rehabilitation and Technology 30 (2022) 1e8
Arthroscopy. 2018;34(2):566e572. https://doi.org/10.1016/
j.arthro.2017.08.294.

20. Herrmann JM, Pitris C, Bouma BE, et al. High resolution imaging of normal and
osteoarthritic cartilage with optical coherence tomography. J Rheumatol.
1999;26(3):627e635.

21. Martin SD, Patel NA, Adams Jr SB, et al. New technology for assessing micro-
structural components of tendons and ligaments. Int Orthop. 2003;27(3):
184e189. https://doi.org/10.1007/s00264-003-0430-4.

22. Ignatieva NY, Zakharkina OL, Andreeva IV, et al. Photochem Photobiol.
2007;83(3):675e685. https://doi.org/10.1111/j.1751-1097.2007.072.x.

23. Dias CM, Gonçalves SB, Completo A, et al. Why are tapes better than wires in
knotless rotator cuff repairs? An evaluation of force, pressure and contact area
in a tendon bone unit mechanical model. J Exp Orthop. 2021 Feb 3;8(1):9.
https://doi.org/10.1186/s40634-020-00321-y. PMID: 33537914; PMCID:
PMC7859138.

24. Rodeo SA, Arnoczky SP, Torzilli PA, Hidaka C, Warren RF. Tendon-healing in a
bone tunnel. A biomechanical and histological study in the dog. J Bone Joint
8

Surg Am. 1993;75(12):1795e1803. https://doi.org/10.2106/00004623-
199312000-00009.

25. Jackson DW, Grood ES, Goldstein JD, et al. A comparison of patellar tendon
autograft and allograft used for anterior cruciate ligament reconstruction in the
goat model. Am J Sports Med. 1993;21(2):176e185. https://doi.org/10.1177/
036354659302100203.

26. Goradia VK, Rochat MC, Grana WA, Rohrer MD, Prasad HS. Tendon-to-bone
healing of a semitendinosus tendon autograft used for ACL reconstruction in a
sheep model. Am J Knee Surg. 2000;13(3):143e151.

27. Wascher DC, Markolf KL, Shapiro MS, Finerman GA. Direct in vitro measure-
ment of forces in the cruciate ligaments. Part I: the effect of multiplane loading
in the intact knee. J Bone Joint Surg Am. 1993;75(3):377e386. https://doi.org/
10.2106/00004623-199303000-00009.

28. Ahmad SS, Hirschmann MT, Voumard B, et al. Adjustable loop ACL suspension
devices demonstrate less reliability in terms of reproducibility and irreversible
displacement. Knee Surg Sports Traumatol Arthrosc. 2018;26(5):1392e1398.
https://doi.org/10.1007/s00167-017-4769-2.

https://doi.org/10.1016/j.arthro.2017.08.294
https://doi.org/10.1016/j.arthro.2017.08.294
http://refhub.elsevier.com/S2214-6873(22)00013-9/sref20
http://refhub.elsevier.com/S2214-6873(22)00013-9/sref20
http://refhub.elsevier.com/S2214-6873(22)00013-9/sref20
http://refhub.elsevier.com/S2214-6873(22)00013-9/sref20
https://doi.org/10.1007/s00264-003-0430-4
https://doi.org/10.1111/j.1751-1097.2007.072.x
https://doi.org/10.1186/s40634-020-00321-y
https://doi.org/10.2106/00004623-199312000-00009
https://doi.org/10.2106/00004623-199312000-00009
https://doi.org/10.1177/036354659302100203
https://doi.org/10.1177/036354659302100203
http://refhub.elsevier.com/S2214-6873(22)00013-9/sref26
http://refhub.elsevier.com/S2214-6873(22)00013-9/sref26
http://refhub.elsevier.com/S2214-6873(22)00013-9/sref26
http://refhub.elsevier.com/S2214-6873(22)00013-9/sref26
https://doi.org/10.2106/00004623-199303000-00009
https://doi.org/10.2106/00004623-199303000-00009
https://doi.org/10.1007/s00167-017-4769-2

	Comparison of the mechanical properties and mechanical damages to tendon tissue in three suspensory fixation techniques
	1. Introduction
	2. Materials and methods
	2.1. Set up for isolated device testing
	2.2. Set up for specimen testing
	2.3. Testing protocols
	2.4. Optical coherence tomography
	2.5. Histological evaluation
	2.6. Statistical analysis

	3. Results
	3.1. Isolated device testing
	3.2. Specimen testing
	3.3. Optical coherence tomography
	3.4. Gross observation and histological evaluation

	4. Discussion
	5. Conclusions
	Funding
	Author's contributions
	Declaration of competing interest
	Acknowledgments
	References


