N

N

Does a combined screw and dowel construct improve tibial
fixation during anterior cruciate ligament reconstruction?
Pierre Laumonerie, Meagan E. Tibbo, Gregoire Laumond, Dominique Barbier,

Pauline Assemat, Pascal Swider, Franck Accadbled

» To cite this version:

Pierre Laumonerie, Meagan E. Tibbo, Gregoire Laumond, Dominique Barbier, Pauline Assemat, et al.. Does a
combined screw and dowel construct improve tibial fixation during anterior cruciate ligament reconstruction?.
European Journal of Orthopaedic Surgery & Traumatology, 2021, pp.0. <10.1007/500590-021-03049-2). <hal-

03382450)
HAL Id: hal-03382450
https://hal.science/hal-03382450v1
Submitted on 18 Oct 2021
HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-

for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to'flizition
HAL Authorization


https://hal.science/hal-03382450v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

OATAO

Open Archive Toulouse Archive Ouverte

Open Archive Toulouse Archive Ouverte

OATAO is an open access repository that collects the work of Toulouse
researchers and makes it freely available over the web where possible

This is an author’s version published in: http://oatao.univ-toulouse.fr/28016

Official URL:
https://doi.org/10.1007/s00590-021-03049-2

To cite this version:

Laumonerie, Pierre and Tibbo, Meagan E. and Laumond,
Gregoire and Barbier, Dominique and Assemat, Pauline and
Swider, Pascal and Accadbled, Franck Does a combined
screw and dowel construct improve tibial fixation during
anterior cruciate ligament reconstruction? (2021) European
Journal of Orthopaedic Surgery & Traumatology. ISSN 1633-
8065

Any correspondence concerning this service should be sent
to the repository administrator: tech-oatao@listes-diff.inp-toulouse.fr




Does a combined screw and dowel construct improve tibial fixation
during anterior cruciate ligament reconstruction?

Pierre Laumonerie *© - Meagan E. Tibbo? - Gregoire Laumond®** . Dominique Barbier®* - Pauline Assemat* -

Pascal Swider® - Franck Accadbled*

Abstract

Purpose The aims of the present study were to compare the biomechanical properties of tibial fixation in hamstring-
graft ACL reconstruction using interference screw and a novel combination interference screw and dowel construct.
Material and Methods We compared the fixation of 30 (2- and 4-stranded gracilis and semitendinosis tendons) in 15
fresh-frozen porcine tibiae with a biocomposite resorbable interference screw (Group 1) and a screw and dowel construct
(Group 2). Each graft was subjected to load-to-failure testing (50 mm/min) to determine maximum load, displacement
at failure and pullout strength.

Results There were no significant differences between the biomechanical properties of the constructs. Multivariate
analysis demonstrated that combination constructs (p = 140.20, p = 0.043), screw diameter (p = 185, p = 0.006) and 4-
strand grafts (B = 51, p = 0.050) were associated with a significant increase in load at failure. Larger screw diameter was
associated with increased construct stiffness (f = 20.15, p = 0.020).

Conclusion The screw and dowel construct led to significantly increased fixation properties compared to interference
screws alone in a porcine model. Increased screw diameter and utilization of 4-strand ACL grafts also led to improvement
in load-to-failure of the construct. However, this is an in vitro study and additional investigations are needed to determine
whether the results are reproducible in vivo.

Level of evidence Level V; Biomechanical study.

Keywords Anterior cruciate ligament - Tibial fixation - Interference screw - Biomechanical strength

Abbreviations Introduction
ACL  Anterior cruciate ligament
BMD Bone mineral density Anterior cruciate ligament (ACL) reconstruction is one of

the most commonly performed orthopedic procedures, with

more than 100,000 being performed annually in the USA

[2]. Stable graft fixation is critical during the early rehabili-

tation phase of anterior cruciate ligament (ACL) reconstruc-
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Evidence-based selection of a tibial fixation construct
remains challenging due to limited clinical data, as well as
variability in outcomes reporting and surgical technique.
To date, interference screw fixation is one of the most
commonly utilized fixation techniques for soft tissue grafts

5 Present Address: Place du Docteur Baylac, 31059 Toulouse, [17]. However, there is no consensus with respect to the
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clinical superiority of one cortical suspension device com-
pared to another for ACL reconstruction. Those that have
compared various methods of tibial fixation have demon-
strated no differences in clinical outcomes [18, 22].

Depending on the series, interference screws [11],
screw and washer fixation [13, 24], stirrups [13], sus-
pension button [25] or a combination of these [1] have
all been linked to superior biomechanical tibial fixation.
However, the current literature lacks a robust biomechani-
cal comparison of interference screws and combination of
screw and dowel devices with a similar insertion technique
[1]. The aims of the present study were to compare the
biomechanical properties of tibial fixation in hamstring-
graft ACL reconstruction using interference screw and a
novel combination interference screw and dowel construct
(Amplitude, France; Biomatlante, France). Intratunnel
tibial fixation was assessed via tensile load-to-failure. We
hypothesized that the combined screw and dowel construct
would provide improved tibial fixation properties com-
pared to screws alone in a porcine model.

Methods

Two soft tissue tibial tunnel fixation devices were bio-
mechanically evaluated utilizing load-to-failure test-
ing. We assessed a biocomposite resorbable interference
screw OSTEOTWIN (Biomalante, France) and a screw

Fig. 1 Tibial fixation devices
included: a a biocomposite
resorbable interference screw
OSTEOTWIN (Biomal-

ante, France) and b a sheath
ECLIPSE BCP (Biomalante,
France)

and dowel construct ECLIPSE BCP (Biomalante, France)
(Fig. 1).

Specimen preparation

Testing was performed on 15 fresh-frozen mature porcine
tibias (Lyon, France). The porcine model was selected
because prior studies have reported similar biomechanical
properties to that of the young adult human knee [26, 31].
A total of 30 fresh cadaveric gracilis and semitendinosus
tendons were harvested from 15 cadavers at our university’s
anatomy laboratory (Paul Sabatier University, Toulouse,
France). Specimens were stored at -20 °C. Two- (n=12)
and four (n=15)- strand grafts were created and adjusted
to 7, 8 or 9 mm in diameter with a graft sizing block. Those
that were smaller than 7 mm were excluded, and those that
were larger than 9 mm were trimmed in line with the fiber
orientation. The 27 grafts were assigned to 2 groups; inter-
ference screw fixation only (Group 1, n=12)), and screw and
dowel fixation (Group 2, n=15).

Description of fixation methods

All grafts were inserted by a single surgeon (GL) accord-
ing to the manufacturers’ specifications. Screw diameter and
the corresponding dowel and instrumentation size used are
reported in Table 1. For each tibia, two tunnels were pre-
pared using a tibial drill guide set at a 45° angle on either




Table 1 Anterior cruciate ligament reconstruction tunnel, implant
and instrumentation sizes

Tunnel Implant* Instrumentation
diameter - -
Screw Dowel size Dilator Introducer
diameter
7/8 7/8 7/8
8 8 7/8 7/8 7/8
9 9 9/10 9/10 9/10

All dimensions are listed in millimeters

*Constant length 25 mm

side of the tibial tuberosity. The guide pin was advanced
from the anteromedial proximal tibia through the footprint of
the native ACL. The tibial tunnels were reamed to a diameter
of 7, 8 or 9 mm (Table 1); the diameter of the reamer was
selected based on the graft diameter (line-to-line fit). The
graft was manually pulled through the tibial tunnel from
distal to proximal until > 50 mm of the graft had advanced
through the proximal aperture. During the entirety of the
procedure, tension was manually applied to the graft dis-
tally and in line with the tunnel. For screw-only fixation,
the tibial tunnel was tapped to allow insertion of the inter-
ference screw until it was flush with the cortical bone. For
the combined dowel and screw fixation, a dilator was used
to adjust the tunnel, and a corresponding sheath was intro-
duced between the graft and the tibial tunnel. Finally, the
screw was inserted flush with the cortical bone. The size of
the screw was selected to match the diameter of the tunnel
(7%25 mm, 8§ X25 mm or 9 X25 mm).

Experimental apparatus

All screws were inserted with a torque meter (Chatillon®
DFS2-R-ND with digital force sensor STS-0100, Ametek,
Largo, Flo. the USA) in order to allow recording of the
torque after insertion to 1/4, 1/2, 3/4, and at the completion
of insertion. All grafts/fixation systems were subject to load-
to-failure testing utilizing a dynamic load cell (Instron 3366;
Instron Systems, Norwood, MA, the USA). The proximal
50 mm portion of the graft was looped over a 4.5 mm diam-
eter stainless bar and mounted onto the dynamic load cell.
After the application of a 10 N preload, the proximal tibia is
held in place without the need for any further modification.
This mounting system allowed the axis of the tibial bone
tunnels to be collinear with the applied load (Fig. 2).

Load-to-failure tests
Parameters for tensile load-to-failure testing protocol were

selected after the literature search and synthesis of com-
mon parameters from the various protocols [16, 30, 32].

Fig.2 Biomechanical testing setup utilizing a dynamic load cell
device (Instron 3366; Instron Systems, Norwood, MA, USA), which
allowed for the force vector to be applied in line with the tibial tunnel
on the four-strand graft fixed with screw and sheath construct

As a result, the graft was first preloaded with a constant
10-N tensile force to allow for system accommodation
[1]. After the preloading protocol, grafts were further dis-
placed at 50 mm/min until failure [1] to simulate a sud-
den overload event at the knee. Biomechanical parameters
including load at failure (N), displacement at failure (mm)
and pullout stiffness (N/mm) were measured. Displace-
ment at failure was measured as the total elongation at
ultimate failure and accounted for tendon elongation, graft
slippage or tearing and device pullout. Stiffness was calcu-
lated from the same linear portion of the load-elongation
curves from the load-to-failure raw data. The mechanism



(e.g., grafts slippage, graft tear, device pullout or liga-
ments peeled off from their insertions) and the site of fail-
ure were also observed and recorded.

Statistical analysis

Descriptive statistics (mean with standard deviation for con-
tinuous variables and frequencies with proportions for cat-
egorical data) were used to summarize recorded variables.
Wilcoxon rank sum (nonparametric test) tests were used to
assess univariate differences between screw-only and com-
bined screw and dowel groups. In order to discern the effect
of the device, the screw diameter, number of graft strands,
displacement at failure and stiffness were corrected for in
the multivariable linear regression model. P values less
than 0.05 were considered statistically significant. Statisti-
cal analysis was conducted using R (version 3.3.2, R Core
Team 2013. R: A language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna,
Austria).

Results

Results from the load-to-failure testing and p values for uni-
variate comparisons between Groups 1 and 2 are reported in
Table 2. The mean ultimate load at failure and stiffness were
515 N (SD 122.98) and 70.5 N/mm (SD 22.16) with screws
and dowels, respectively. The mean ultimate load at failure
and stiffness were 336.5 N (SD 153.24) and 55.1 N/mm
(SD 20.18) with screws alone. The univariate comparisons
revealed no significant difference between screws alone and
combined devices.

Multivariable analysis (Table 3) demonstrated that the
use of combined fixation with screws and dowels (f=140.20
(95% CI1 5 to 297), p=0.043), screw diameter (p=185.05
(95% C161 to 309), p=0.006) and 4-strand grafts (=51.00
(95% C1 7 to 187), p=0.050) was associated with a sig-
nificant increasing in ultimate load at failure. The increased
screw diameter was also associated with increased construct
stiffness (p=20.15 (95% CI 4 to 37), p=0.020).

There were no differences between devices with respect
to the mode of failure. Recorded failure modes were graft

Table 2 Results of load-to-failure testing and p values from univariate comparisons between devices

Variable Screws Screws and dowels p value*
Ove D.S 0.5 Ove D.S 0.5
n=12 n=6 n=6 n=15 n=6 n=9
Torque tightening Nm, mean (SD)
1/4 0.66 (0.21) 0.58 (0.20)  0.75(0.21) 0.87 (0.21) 0.813(0.31) 0.95(0.04) 0.35
2/4 0.85 (0.22) 0.89 (0.25) 0.80(0.19) 1.11(0.22) 1.01 (0.43) 1.18 (0.16)  0.52
3/4 1.07 (0.36) 1.08 (0.32)  1.06 (0.46) 1.53(0.36) 1.43 (0.44) 1.40 (0.34) 052
4/4 1.09 (0.37) 1.35(0.37)  0.84 (0.09) 1.64(0.37) 1.81 (0.49) 1.64 (0.65)  0.53
Ultimate load at failure N, mean (SD) 336.5 (153.24) 260 (72.21) 413 (103) 515(122.98) 440.83 (134) 565 (101.08) 0.32
Displacement at failure mm, mean (SD) 4.16 (3.2) 5.72(1.90) 2.61(1.44) 3.33(1.24) 3.65(1.26)  3.08 (1.65)  0.26
Stiffness N/mm, mean (SD) 55.1 (20.18) 52.6 (14.10) 57.6(20.1) 70.46 (22.16) 659 (19.11) 73.5(21.94) 0.1

Ove., Overall, D.S., and Q.S., Double strand, and quadruple strand

*Comparisons between the overall result of screws alone and combined devices (screws and dowels)

Table 3 Results of

-2 - . Variables Ultimate load at failure Displacement at failure Stiffness

multivariable linear regression

analysis B-Coef (95% IC) p value p-Coef (95% IC) p value p-Coef (95% IC) p value
Devices
Screw Reference Reference Reference
Screw and dowel 140 (5 to 297) 0.043 -04(—271t01.95) 0.74 20.2 (4 to 37) 0.020
Screw diameter 185 (61t0 309) 0.006 —0.5(—2.7t01.7) 0.63 6.4 (—12t024) 0.465
No. of graft strands
Double Reference Reference Reference
Quadruple 51 (7to 187) 0050 -15(-39t00.84) 0.19 03(=16t017) 0.970

p values in bold are statistically significant



tears in 13 cases, ligaments peeled off from their tibials
insertions in 13 cases, and tibial plateau fracture in 1 case
in Group 2.

Discussion

Based on the results of the present study, fixation obtained
using a screw and dowel construct led to a significant
increase in biomechanical properties compared with interfer-
ence screws alone, in a porcine ACL reconstruction model.

Multivariate analyses in the present study showed that
the addition of a dowel to the interference screw was asso-
ciated with a significant increase in ultimate load-to-failure
(p=140, p=0.043) and stiffness (3 =20, p =0.020). Combi-
nation devices were hypothesized to improve biomechanical
properties by separating limbs of the graft, ensuring concen-
tric placement of the screw, and providing homogeneous
friction between the tendon and tibial metaphyseal bone [1,
11]. Combination fixation could also improve fixation char-
acteristics by increasing radial force and compression on the
graft against the tunnel wall [1, 11]. While Kousa et al. [20]
found that the combination device provided significantly
higher ultimate failure strength and decreased displacement
compared with the other devices (i.e., interference screws
and extracortical devices), Aga et al.’s [1] results showed
that the combination of a screw and dowel did not consist-
ently result in improved fixation characteristics compared
to interference screw fixation alone. In fact, the authors [1]
reported inferior fixation among combination devices. We
posited that differences in insertion technique [31, 32], screw
length [7, 32], surgical technique [35] and number of graft
strands [12, 16] likely contributed to the significant variabil-
ity of biomechanical properties described in the literature.

The screws and dowels were inserted according to the
manufacturers’ recommendations. We performed tunnel
dilations in addition to simple tunnel reaming to create
impaction of the surrounding cancellous bone and increase
tunnel wall bone volume, in an effort to increase fixation
strength [15]. Although Cain et al. [8] demonstrated a ben-
eficial effect of dilation on fixation properties in cadaveric
bones, Rittmeister et al. [28] did not report any significant
improvement in young human cadaveric specimens. Accord-
ing to Dunkin et al. [10], the reduced effect of dilatation on
fixation in younger patients’ tibiae is likely associated with
higher bone mineral density and may explain the conflicting
results in the literature.

Our data suggest that the 4-stranded grafts (=51,
p=0.05) had significantly higher ultimate load-to-failure
compared to 2-stranded grafts. Hamner et al. [17] demon-
strated that there was a strong positive linear correlation
between maximum failure load and the cross-sectional area
for 1-strand, and equally tensioned 2- and 4-strand hamstring

tendon grafts. Boniello et al. [4] reported similar findings.
However, Hamner et al. [17] also highlighted that apply-
ing unequal tension graft strands led to significantly lower
failure loads for a given cross-sectional area. The authors
of the aforementioned studies [4, 17] posited that the lower
revision rates associated with larger diameter hamstring ten-
don grafts were due to the fact that these grafts are stronger.
While most published biomechanical studies compared
various devices using 4-stranded grafts, the influence of the
number of graft strands on tibial fixation could explain the
lack of significant differences between fixation devices in
our study and others.

The choice of the screw diameter employed in this study
was determined by the tunnel diameter, which was in turn
dictated by the size of the prepared graft (Table 1). We
found that increased screw diameter was correlated with
an increased ultimate load-to-failure. However, results in
the literature are mixed with respect to the effect of screw
diameter and length on fixation properties. A biomechani-
cal study by Weiler et al. [32] analyzed the effect of varying
screw diameter as well as lengths on graft fixation. Their
results suggested that screw length had a greater impact on
fixation strength than screw diameter. They did, however,
recommend oversizing the screw by 1 mm (with respect to
the tunnel size) due to concern for graft slippage. Two stud-
ies evaluating graft slippage showed similar findings with no
difference between 7- and 9-mm screws [31].

Limitations

The present study is not without limitation. The results
achieved in an in vitro biomechanical animal model can-
not be directly transferred to a clinical setting. Second, we
did not perform cyclic load-to-failure testing which would
likely provide more physiologically relevant data. Third, the
screws and dowels utilized in the present study were resorb-
able biocomposite and the extent to which the biomechanical
properties degrade over time was not assessed. And lastly,
differences in biomechanical properties may also have been
influenced by testing setup. Woo et al. [33] found that speci-
men age and graft orientation had a significant influence
on the structural properties of the human ACL. Age-related
decreases in ACL linear stiffness, ultimate load-to-failure
and energy absorbed at failure have also been demonstrated.
Furthermore, a higher percentage of ligament insertional
avulsions have been reported among ACLs tested in the tib-
ial orientation (i.e., tensile load applied along the axis of the
ACL in the line with the tibial insertion site) (Fig. 2) com-
pared to the anatomic orientation (i.e., Tensile load applied
along the axis of the ACL, while the normal anatomical
angle of the ACL insertion to the bone was preserved) [33].
These data may explain the large decrease in ACL fixation
properties in the present series compared to studies using



young human tissue tested in an anatomic orientation [24].
These data further highlight the importance of a constant test
setup in an effort to reduce the impact of confound orders
on the biomechanical model. In the same vein, future stud-
ies should utilize consistent insertion technique and tissues
with the consistent or measurable internal by mechanical
properties in an effort to isolate the effect of a single fixa-
tion modality.

Conclusions

In conclusion, the addition of a dowel improves biome-
chanical properties of tibial fixation of hamstring grafts
in a porcine ACL reconstruction model. Larger diameter
graft also improved fixation properties including ultimate
load-to-failure.

Author contribution PL contributed to data analysis and interpreta-
tion, critical revisions, manuscript review, statistical analysis. MET
was involved in data analysis and interpretation, critical revisions,
manuscript review. GL and DB contributed to data acquisition. PA was
involved in data acquisition, study design, data analysis and interpreta-
tion, critical revisions, manuscript review, administration, technical and
material support. PS and FA contributed to study design, data analysis
and interpretation, critical revisions, manuscript review, administration,
technical and material support, study supervision.

Funding This research received no specific grant from any funding
agency in the public, commercial or not for profit sectors.

Disclosures

Conflict of interest The authors report no conflicts of interest with re-
spect the materials or methods used in this study or the findings speci-
fied herein.

References

1. Aga C, Rasmussen MT, Smith SD, Jansson KS, LaPrade RF,
Engebretsen L, Wijdicks CA (2013) 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 41:841-848

2. Bach BR Jr (2003) Revision anterior cruciate ligament surgery.
Arthroscopy 19(Suppl 1):14-29

3. Bailey SB, Grover DM, Howell SM, Hull ML (2004) Foam-rein-
forced elderly human tibia approximates young human tibia better
than porcine tibia: a study of the structural properties of three soft
tissue fixation devices. Am J Sports Med 32:755-764

4. Boniello MR, Schwingler PM, Bonner JM, Robinson SP, Cotter A,
Bonner KF (2015) Impact of Hamstring Graft Diameter on Ten-
don Strength: A Biomechanical Study. Arthroscopy 31:1084-1090

5. Brand JC Jr, Pienkowski D, Steenlage E, Hamilton D, Johnson DL,
Caborn DN (2000) Interference screw fixation strength of a quad-
rupled hamstring tendon graft is directly related to bone mineral
density and insertion torque. Am J Sports Med 28:705-710

6.

10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

Brand J Jr, Weiler A, Caborn DN, Brown CH Jr, Johnson DL
(2000) Graft fixation in cruciate ligament reconstruction. Am J
Sports Med 28:761-774

Butler JC, Branch TP, Hutton WC (1994) Optimal graft fixation—
the effect of gap size and screw size on bone plug fixation in ACL
reconstruction. Arthroscopy 10:524-529

Cain EL, Phillips BB, Charlebois SJ, Azar FM (2005) Effect of
tibial tunnel dilation on pullout strength of semitendinosus-graci-
lis graft in anterior cruciate ligament reconstruction. Orthopedics
28:779-783

.Coleridge SD, Amis AA, (2004) A comparison of five tibial-
fixation systems in hamstring-graft anterior cruciate ligament
reconstruction. Knee Surg Sports Traumatol Arthrosc 12:391-397
Dunkin BS, Nyland J, Duffee AR, Brunelli JA, Burden R, Caborn
D (2007) Soft tissue tendon graft fixation in serially dilated or
extraction-drilled tibial tunnels: a porcine model study using high-
resolution quantitative computerized tomography. Am J Sports
Med 35:448-457

Ferretti A, Conteduca F, Labianca L, Monaco E, De Carli A
(2005) Evolgate fixation of doubled flexor graft in anterior cruci-
ate ligament reconstruction: biomechanical evaluation with cyclic
loading. Am J Sports Med 33:574-582

Gadikota HR, Seon JK, Kozanek M, Oh LS, Gill TJ, Montgomery
KD, Li G (2009) Biomechanical comparison of single-tunnel-
double-bundle and single-bundle anterior cruciate ligament recon-
structions. Am J Sports Med 37:962-969

Giurea M, Zorilla P, Amis AA, Aichroth P (1999) Comparative
pull-out and cyclic-loading strength tests of anchorage of ham-
string tendon grafts in anterior cruciate ligament reconstruction.
Am J Sports Med 27:621-625

. Gobbi A, Mahajan V, Karnatzikos G, Nakamura N (2012) Single-

versus double-bundle ACL reconstruction: is there any difference
in stability and function at 3-year followup? Clin Orthop Relat Res
470:824-834

Gokce A, Beyzadeoglu T, Ozyer F, Bekler H, Erdogan F (2009)
Does bone impaction technique reduce tunnel enlargement in ACL
reconstruction? Int Orthop 33:407-412

Hamada M, Shino K, Horibe S, Mitsuoka T, Miyama T, Shio-
zaki Y, Mae T (2001) Single- versus bi-socket anterior cruciate
ligament reconstruction using autogenous multiple-stranded ham-
string tendons with endoButton femoral fixation: A prospective
study. Arthroscopy 17:801-807

Hamner DL, Brown CH Jr, Steiner ME, Hecker AT, Hayes WC
(1999) Hamstring tendon grafts for reconstruction of the anterior
cruciate ligament: biomechanical evaluation of the use of mul-
tiple strands and tensioning techniques. J Bone Joint Surg Am
81:549-557

Han DL, Nyland J, Kendzior M, Nawab A, Caborn DN (2012)
Intratunnel versus extratunnel fixation of hamstring autograft
for anterior cruciate ligament reconstruction. Arthroscopy
28:1555-1566

Harner CD, Fu FH, Irrgang JJ, Vogrin TM (2001) Anterior and
posterior cruciate ligament reconstruction in the new millen-
nium: a global perspective. Knee Surg Sports Traumatol Arthrosc
99:330-336

Kousa P, Jarvinen TL, Vihavainen M, Kannus P, Jirvinen M
(2003) The fixation strength of six hamstring tendon graft fixa-
tion devices in anterior cruciate ligament reconstruction. Part II:
tibial site. Am J Sports Med 31:182—188

Kurosaka M, Yoshiya S, Andrish JT (1987) A biomechanical com-
parison of different surgical techniques of graft fixation in anterior
cruciate ligament reconstruction. Am J Sports Med 15:225-229

Lubowitz JH, Ahmad CS, Anderson K (2011) All-inside anterior
cruciate ligament graft-link technique: second-generation, no-
incision anterior cruciate ligament reconstruction. Arthroscopy
27:717-727



23.

24.

25.

26.

217.

28.

29.

Lubowitz JH, Guttmann D (2003) The fixation strength of six
hamstring tendon graft fixation devices in anterior cruciate liga-
ment reconstruction: parts I and II. Am J Sports Med 31:811-812
Magen HE, Howell SM, Hull ML (1999) Structural properties of
six tibial fixation methods for anterior cruciate ligament soft tissue
grafts. Am J Sports Med 27:35-43

Mayr R, Heinrichs CH, Eichinger M, Coppola C, Schmoelz W,
Attal R (2015) Biomechanical comparison of 2 anterior cruciate
ligament graft preparation techniques for tibial fixation: adjusta-
ble-length loop cortical button or interference screw. Am J Sports
Med 43:1380-1385

Nagarkatti DG, McKeon BP, Donahue BS, Fulkerson JP (2001)
Mechanical evaluation of a soft tissue interference screw in free
tendon anterior cruciate ligament graft fixation. Am J Sports Med
29:67-71

Nurmi JT, Sievdnen H, Kannus P, Jarvinen M, Jarvinen TL (2004)
Porcine tibia is a poor substitute for human cadaver tibia for evalu-
ating interference screw fixation. Am J Sports Med 32:765-771
Rittmeister ME, Noble PC, Bocell JR Jr, Alexander JW, Conditt
MA, Kohl HW 3rd (2001) Interactive effects of tunnel dilation
on the mechanical properties of hamstring grafts fixed in the tibia
with interference screws. Knee Surg Sports Traumatol Arthrosc
9:267-271

Scheffler SU, Stidkamp NP, Gockenjan A, Hoffmann RFG, Weiler
A (2002) Biomechanical comparison of hamstring and patellar

30.

31.

32.

33.

tendon graft anterior cruciate ligament reconstruction techniques:
The impact of fixation level and fixation method under cyclic
loading. Arthroscopy 18:304-331

Simonian PT, Sussmann PS, Baldini TH, Crockett HC, Wickie-
wicz TL (1998) Interference screw position and hamstring graft
location for anterior cruciate ligament reconstruction. Arthros-
copy 14:459-464

Walsh MP, Wijdicks CA, Parker JB, Hapa O, LaPrade RF (2009)
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 biomechanical study
in a porcine model. Am J Sports Med 37:160-167

Weiler A, Hoffmann RF, Siepe CJ, Kolbeck SF, Siidkamp NP
(2000) The influence of screw geometry on hamstring tendon
interference fit fixation. Am J Sports Med 28:356-359

Woo SLY, Hollis JM, Adams DJ, Lyon RM, Takai S (1991) Ten-
sile properties of the human femur-anterior cruciate ligament-tibia
complex. Am J Sports Med 19:217-225





