


converging tunnels could thereby be reduced but not entirely
avoided.12,23 The use of an extracortical fixation device, such
as suture anchors (SA) or bone staples (BS), may be an
answer to solve this dilemma, as these devices do not require
a large tunnel for peripheral ligament reconstruction.

Other possible advantages of a BS fixation would be the
lower costs per implant as well as a better replication of the
flat insertion site of native ligaments, such as the tibial MCL
insertion site,21 which to date is mainly reconstructed using
semitendinosus, gracilis, or Achilles tendon and IFS fixation.5

However, it is unknown whether alternative fixation
techniques such as modern SA or BS would provide sufficient
primary stability to be considered a reliable alternative to cor-
tical fixationofa tendongraft inknee ligamentreconstructions.

Thus, the aim of the present study was to evaluate the
primary stability of cortical fixation of tendon grafts in
MCL reconstruction using BS and SA in comparison with
IFS fixation. We hypothesized that the primary stability of
BS and SA fixation would not be inferior to that of IFS
fixation.

METHODS

Fresh porcine tibias and flexor tendons were obtained from
a local butcher. The following devices were commercially
purchased: bioabsorbable polylactide Interference Screw
Megafix B (6 � 23 mm; n ¼ 10) (Karl Storz), Richards Bone
Staple with spikes (width, 8mm; arm length, 15mm; n¼ 10)

(Smith & Nephew), and double-loaded titanium Corkscrew
FT II Suture Anchor (n ¼ 10) (Arthrex). No ethical approval
was needed for this study.

Testing Setup

A total of 30 porcine knee specimens were gently defrosted,
dissected, and mounted in a metal cylindrical container
using synthetic resin (RenCast FC 52/53 A ISO and Ren
Cast FC 53 B Polyol; Gößl & Pfaff). The cylindrical con-
tainer was firmly attached to the socket of the materials
testing machine (Model 8874; Instron). Then, 30 porcine
flexor tendons of the knee joint were dissected to a diameter
of 6 mm and a length of 80 mm in order to match the length
and thickness of a standard human MCL graft. The diam-
eter of the tendons was measured using a standardized
sizing device (±0.5 mm) (Karl Storz).

Fixation Techniques

IFS fixation was performed in the control group (n ¼ 10).
A transverse bicortical tunnel with a length of 40 to 50 mm
and a diameter of 6 mm was created in the center of the
tibial insertion area of the MCL. A bicortical tunnel was
chosen to standardize the technique and avoid technical
bias, although clinically a monocortical tunnel is beneficial.
The distal end of the tendon graft was sutured using the
Krackow stitch technique with 4 stitches on each side17

using a polyethylene suture (No. 2 FiberWire; Arthrex) and

Figure 1. Fixation of the tendon graft using (A) bone staple, (B) suture anchor, and (C) interference screw at the medial collateral

ligament insertion site of the porcine tibiae.
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pulled into the tunnel from the anteromedial to the ante-
rolateral surface of the proximal tibia, creating a tendon-
bone interface of 20 mm in length. A nitinol wire was
inserted into the tunnel guiding the 6 � 23–mm IFS from
the anteromedial cortex to an intracortical position placed
flush to the bone surface (Figure 1C).

SA fixation was performed in the first intervention group
(n ¼ 10). The SA was inserted in the center of the tibial
insertion area of the MCL according to the instructions of
the manufacturer of the implant. The tendon graft was tied
to the suture anchor using the 2 loaded polyethylene
sutures (No. 2 FiberWire and No. 2 TigerWire; Arthrex).
One arm of each suture was passed through the tendon
graft using the Krackow stitch technique starting from the
distal portion with 4 stitches up and 4 stitches back down.
The second arm of the respective suture was passed
through the tendon graft once and then tied to the first arm
of the loop using 10 surgical half stitches. This procedure
was performed with both sutures (Figure 1B).

BS fixation was performed in the second intervention
group (n ¼ 10). The distal end of the tendon graft was
sutured using the Krackow stitch technique with 4 stitches
on each side using a polyethylene suture (No. 2 FiberWire).
The tendon graft was then fixed to the center of the tibial
insertion area of the MCL under the BS, which was
inserted perpendicular to the bony surface of the proximal
tibia using an orthogonal orientation to the tendon graft
(Figure 1A).

Biomechanical Testing

Envelope randomization was used to determine the order of
testing. A servohydraulic uniaxial testing machine (Model
8874; Instron) was used for cyclic testing. The accuracy of
the load cell was ±0.005%, allowing a position control with
an accuracy of ±0.5% for the testing unit. A cylindrical con-
tainer was fixed to the base of the machine using 2 clamps.
The free end of the graft was fixed to the testing machine
using a cryoclamp, leaving 20 mm of free graft between the
clamp and the joint line. The orientation of the tendon graft
and the force vector was perpendicular to the joint line of
the proximal tibia, corresponding to a worst-case scenario
of load applied to an MCL graft (Figure 2). Before testing, a
20-N pretension was applied to the construct by manually
positioning the crossbar of the machine.

A test protocol was designed using 10 cycles at a load of
50 N for preconditioning. The cyclic testing protocol
included 500 loading cycles for each step at 50 and 100 N
at a rate of 1 Hz, based on the loads thought to occur in the
native MCL in the ACL-intact (50 N) and ACL-deficient
(100 N) knee during normal gait.18,19,22 Elongation and
load were recorded continuously. Next, cyclic load-to-
failure testing was conducted at a rate of 25 mm/min. Stiff-
ness was determined using the slope of the linear portion of
the load-displacement curve during load-to-failure testing.
Yield load was determined using the load-elongation curve
according to Martin et al.15 The mode of failure was mac-
roscopically documented.

Statistical Analysis

A power analysis before this study showed that a sample
size of 10 per group would lead to a 90% power to detect a
difference of 50 N between means at the ß � 0.8 level based
on the standard deviations (SDs) found in cyclic testing of
tendon graft fixations in porcine knee models.10,20

For statistical analysis, a 1-way analysis of variance for
multiple comparisons was performed. Post hoc testing with
Bonferroni correction was used to control for multiple com-
parison. A P value< .05 was required to identify significant
differences. The data are presented as mean ± SD. Statis-
tical analysis was performed using Matlab (R2020a; Math-
Works) and PRISM Version 8 (GraphPad Software).

RESULTS

Elongation after 500 cycles at 50-N elongation was 1.2 ±

0.2 mm in the BS group, 1.7 ± 0.6 mm in the IFS group,
and 2.8 ± 0.4 mm in the SA group. After 1000 cycles of
loading (500 cycles at 50 N and 100 N each), elongation was
3.4 ± 1.0 mm in the BS group, 3.9 ± 1.2mm in the IFS group,
and 6.4 ± 0.9 mm in the SA group. A statistically significant
difference was found in elongation between BS and SA fix-
ation at 50 and 100 N (P < .0001) and between IFS and SA
fixation at 50 and 100 N (P < .0001). BS and SA fixation
yielded comparable elongation during cyclic loading up to

Figure 2. Testing setup in the servohydraulic uniaxial testing

machine using a cryoclamp for the medial collateral ligament

graft.
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100 N (P ¼ .95). No construct failure was observed during
cyclic loading (Figure 3A).

Load to failure for the BS (376 ± 120.0 N) and the IFS
groups (313 ± 99.5 N) was not significantly different (P ¼

.43). Load to failure for SA fixation (228 ± 49.0 N) was
significantly lower compared with BS fixation (P < .01) but
not significantly different compared with IFS fixation (Fig-
ure 3B). IFS fixation provided a stiffness more than twice
that of the SA group (P< .01). No significant difference was
found between stiffness of the IFS and BS groups. Yield
load was 209 ± 35.6 N in the BS group and 204 ± 41.1 N
in the IFS group (Figure 3C). A significant difference was
found between yield load of the SA group (146 ± 16.6 N) and
those of the BS and IFS groups (P < .01 for both).

The mode of failure was tendon pullout in all 10 speci-
mens of the IFS group and in 9 of 10 specimens of the BS
group. In 1 specimen, load to failure led to a proximal tilt,
followed by pullout of the BS; however, elongation at 100 N
(2.5 mm) and load to failure (438 N) in this specimen did not
differ from the rest of the BS group (Table 1). A rupture of
the suture fixation inside the SA was observed in all speci-
mens of the SA group. Neither the 5.5-mm titanium screw
nor the sutures from the tendon graft showed signs of loos-
ening. There was no damage to the cortex of the bone, no
tendon lengthening, and no slippage at the cryoclamp fix-
ation in any specimen of all groups after load to failure.

DISCUSSION

To our knowledge, the present study was the first to assess
primary stability of BS in the cortical fixation of tendon
grafts in knee surgery and compare it with IFS and SA
fixation. The most important finding of this study was that
primary stability of cortical fixation of tendon graft in MCL
reconstruction using BS was not inferior to that of IFS fix-
ation in a porcine knee model. Contrary to our hypothesis,
the primary stability of the tested SA was inferior to that of
the IFS and BS.

Morrison18,19 determined the maximum loads of the
MCL during normal gait and while climbing up and down
stairs to be as high as 129 N. Shelburne et al22 calculated
the peak force of the native MCL during walking to be 34 N
and found an increase in MCL peak force for the ACL-
deficient knee (114 N). In the present study, tibial fixation
of an MCL graft was simulated in a porcine knee model in
order to compare the primary stability of 3 different
devices. Considering the limitations of this time-zero bio-
mechanical testing in an animal knee model, the failure
loads of BS, IFS, and SA fixation in the present study were
found to be well above the values determined by Morri-
son18,19 and Shelburne et al.22 In the clinical setting ofMCL
reconstruction, rehabilitation protocols including partial
weightbearing and use of a knee joint brace protect the
tendon graft and its cortical fixation sides in the early post-
operative period.5 In the present study, elongation after
cyclic loading at 50 and 100 Nwas increased in tendon graft
fixation for a single SA. However, primary stability of all 3
fixation techniques was less than the ultimate strength
(557 N) and stiffness (63 N/mm) of the native MCL deter-
mined by Wijdicks et al.25

The use of SA and BS for graft fixation in MCL recon-
struction has been described in few noncontrolled clinical
studies showing acceptable or good clinical outcome.5,13

DeLong and Waterman5 summarized the outcome of MCL
reconstruction techniques in a systematic review and found
no difference between fixation techniques. BS fixation has

Figure 3. Boxplots presenting mean (horizontal line), SD (whiskers), and range (box) for (A) elongation after cyclic loading at 100 N,

(B) load to failure, and (C) yield load. Significant difference between groups: **P < .01; ***P < .001; ****P < .0001. BS, bone staple;

IFS, interference screw; SA, suture anchor.

TABLE 1
Elongation, Load to Failure, Stiffness, and Yield Loada

Elongation at
100 N, mm

Load to
Failure, N

Stiffness,
N/mm

Yield
Load, N

BS 3.4 ± 1.0 376 ± 120 51.7 ± 18.7 209 ± 35.6
IFS 3.9 ± 1.2 313 ± 99.5 42.0 ± 20.3 204 ± 41.1
SA 6.4 ± 0.9 228 ± 49.0 19.4 ± 9.1 146 ± 16.6

aData are reported as mean ± SD. BS, bone staple; IFS, inter-
ference screw; SA, suture anchor.
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further been used inMCL repair to achieve reattachment of
the torn ligament,4 in total knee arthroplasty,24 and for
anterolateral tenodesis.9

Apart from clinical data, there have been only a limited
number of biomechanical studies regarding graft fixation
techniques in reconstruction of peripheral ligaments of the
knee. Omar et al20 compared fixation of the tendon graft in
MCL reconstruction using 4.0-mm cancellous screws and
different types of washers or a titanium suture anchor in
a porcine knee model. They found that spiked PEEK
washers (Synthes) secured using polyester sutures yielded
superior biomechanical properties at time zero for both
elongation during cyclic loading (2.9 ± 0.7 mm) and ulti-
mate failure load (469.8 ± 64.3 N). Although a different
testing setup was used, load to failure of SA fixation was
comparable with the results of the present study, whereas
BS fixation was not tested.20

Previously, primary stability of BS fixation of tendon
grafts was only assessed for cortical fixation of ACL grafts.
Matthai et al16 found the primary stability of a bone–patel-
lar tendon—bone graft tied to a bone staple in a bovine knee
model (726 N) to be comparable with IFS and suture after
fixation using a screw. Letsch14 compared cortical fixation
techniques of synthetic ACL grafts in human distal femora.
They found amaximum load of 508 ± 51 N for a single staple
and 1210 ± 32 N for double staples in a belt-buckle tech-
nique. Bargar et al1 tested the isolated pullout strength of
BS without fixation of a graft at the lateral femoral condyle
in a canine model compared with a 6.5-mm cancellous bone
screw. The pullout load of the BS increased from time point
zero to 6 weeks (500 ± 130 N) and was inferior to that of the
6.5-mm cancellous bone screw (1120 ± 490 N). However,
comparison with the results of the present study is limited
because of different testing setups, ligament reconstruc-
tions, and type of specimens.

The results of the present study are of clinical relevance,
considering that opting for a BS for cortical fixation of an
MCL graft may imitate the broad tibial insertion site of the
MCL more closely than would an IFS fixation. Staple fixa-
tion may reduce the risk of poor primary stability in the
elderly6,8 and tunnel conflicts in the multiligament recon-
struction setting.3,11,12,23 Furthermore, of the 3 devices
tested in the present study, BS was the most economic solu-
tion, with a price of approximately $75 per implant,
whereas IFS and SA had higher costs ($200 per implant).

When using BS for ligament reconstruction, healing is
assumed to occur as the implant is surrounded with necro-
sis of the tendon graft deep to the BS.1 Therefore, the ten-
don graft may also be attached to the surrounding
periosteum using sutures. In SA and IFS fixation, the
implant is entirely buried within and beneath the cortex,
with the depth of the BS arm (15 mm) being similar to that
of the IFS (23 mm). Nevertheless, the extracortical portion
of the BS may lead to soft tissue irritations that may
require implant removal in some cases.4,9,24 Furthermore,
accidental epiphysiodesis has to be avoided in the BS fixa-
tion of tendon grafts in children and adolescents.

The results of this study cannot be directly transferred to
the clinical setting without a careful interpretation of its
limitations. Porcine tibiae and porcine flexor tendons were

used to simulate the tibial fixation of a tendon graft in MCL
reconstruction. Although it has been previously shown that
porcine tendons have similar characteristics to those of the
human semitendinosus tendon7 and that the porcine knee
best mimics the anatomy and biomechanics of the human
knee,26 the data of the present study cannot be directly
transferred to the human clinical setting. Moreover, some
of the porcine flexor tendons were trimmed to a diameter of
6 mm, which may have altered biomechanical properties.
Another limitation of the present study was that exact
descriptive data of the porcine specimen were not assess-
able. However, young age and therefore good bone mineral
density were confirmed by the butcher. The biomechanical
testing simulated forces acting at time zero, where biolog-
ical factors and graft healing were not taken into account.
Furthermore, unidirectional testing was chosen in order to
simulate a worst-case scenario but may not mimic the
forces acting in vivo, and load to failure was applied after
cyclic loading of the construct.

The present study only tested 1 product for each fixation
method. Several other products are available and may pre-
sent different ultimate strength and stiffness values. The
SA always failed at the suture fixation inside the anchor,
which may have been different in a different type of SA.
Furthermore, graft fixation using a second SA or BS may
further improve primary fixation stability.14,20 A compari-
son of primary stability using different staple designs may
be the goal of future studies.

CONCLUSION

In the current study, BS and IFS fixation provided compa-
rable primary stability in the cortical fixation of tendon
grafts in MCL reconstruction, whereas a single SA fixation
led to increased elongation with physiologic loads. How-
ever, load to failure of all 3 fixation techniques exceeded
the loads expected to occur in the native MCL.

ACKNOWLEDGMENT

The authors thank JensWermers, MSc, for his contribution
to the study conception and design and acquisition of data.

REFERENCES

1. Bargar WL, Sharkey NA, Paul HA, Manske DJ. Efficacy of bone sta-

ples for fixation. J Orthop Trauma. 1987;1(4):326-330.

2. Budny J, Fox J, Rauh M, Fineberg M. Emerging trends in anterior

cruciate ligament reconstruction. J Knee Surg. 2017;30(1):63-69.

3. Camarda L, Grassedonio E, Lauria M, Midiri M, D’Arienzo M. How to

avoid collision between PCL and MCL femoral tunnels during a simul-

taneous reconstruction. Knee Surg Sports Traumatol Arthrosc. 2016;

24(9):2767-2772.

4. DeLong JM, Waterman BR. Surgical repair of medial collateral liga-

ment and posteromedial corner injuries of the knee: a systematic

review. Arthroscopy. 2015;31(11):2249-2255.

5. DeLong JM,Waterman BR. Surgical techniques for the reconstruction

of medial collateral ligament and posteromedial corner injuries of the

knee: a systematic review. Arthroscopy. 2015;31(11):2258-2272.

The Orthopaedic Journal of Sports Medicine Bone Staples for Cortical Fixation of Tendon Grafts 5



6. Domnick C, Herbort M, Raschke MJ, et al. Anterior cruciate ligament

soft tissue graft fixation in the elderly: is there a reason to use inter-

ference screws? A human cadaver study. Arthroscopy. 2017;33(9):

1694-1700.

7. Domnick C, Wieskötter B, Raschke MJ, et al. Evaluation of biome-

chanical properties: are porcine flexor tendons and bovine extensor

tendons eligible surrogates for human tendons in in vitro studies?

Arch Orthop Trauma Surg. 2016;136(10):1465-1471.

8. Drakos MC, Gott M, Karnovsky SC, et al. Biomechanical analysis of

suture anchor vs tenodesis screw for FHL transfer. Foot Ankle Int.

2017;38(7):797-801.

9. Getgood AMJ, Bryant DM, Litchfield R, et al. Lateral extra-articular

tenodesis reduces failure of hamstring tendon autograft anterior cru-

ciate ligament reconstruction: 2-year outcomes from the STABILITY

Study randomized clinical trial. Am J Sports Med. 2020;48(2):

285-297.

10. Glasbrenner J, Domnick C, Raschke MJ, et al. Adjustable buttons for

ACL graft cortical fixation partially fail with cyclic loading and unload-

ing. Knee Surg Sports Traumatol Arthrosc. 2019;27(8):2530-2536.

11. Jaecker V, Ibe P, Endler CH, Pfeiffer TR, Herbort M, Shafizadeh S.

High risk of tunnel convergence in combined anterior cruciate liga-

ment reconstruction and lateral extra-articular tenodesis. Am J Sports

Med. 2019;47(9):2110-2115.

12. Jette C, Pomés J, Sastre S, Gutierrez D, Llusa M, Combalia A. Safe

drilling angles avoid femoral tunnel complications during combined

anterolateral ligament and anterior cruciate ligament reconstruction.

Knee Surg Sports Traumatol Arthrosc. 2019;27(11):3411-3417.

13. Kitamura N, Ogawa M, Kondo E, Kitayama S, Tohyama H, Yasuda K.

A novel medial collateral ligament reconstruction procedure using

semitendinosus tendon autograft in patients with multiligamentous

knee injuries: clinical outcomes. Am J Sports Med. 2013;41(6):

1274-1281.

14. Letsch R. Comparative evaluation of different anchoring techniques

for synthetic cruciate ligaments: a biomechanical and animal investi-

gation. Knee Surg Sports Traumatol Arthrosc. 1994;2(2):107-117.

15. Martin BR, Burr DB, SharkeyNA, Fyhrie DP. Skeletal TissueMechanics.

2nd ed. Springer; 2015.

16. Matthai T, George VM, Rao AS, et al. Biomechanical assessment of

an alternative method of staple fixation for anchoring the bone patellar

tendon bone graft to the tibia. J Clin Orthop Trauma. 2018;9(2):

157-162.

17. Michel PA, Domnick C, Raschke MJ, et al. Soft tissue fixation strat-

egies of human quadriceps tendon grafts: a biomechanical study.

Arthroscopy. 2019;35(11):3069-3076.

18. Morrison JB. Function of the knee joint in various activities. Biomed

Eng. 1969;4(12):573-580.

19. Morrison JB. The mechanics of the knee joint in relation to normal

walking. J Biomech. 1970;3(1):51-61.

20. Omar M, Petri M, Dratzidis A, et al. Biomechanical comparison of

fixation techniques for medial collateral ligament anatomical aug-

mented repair. Knee Surg Sports Traumatol Arthrosc. 2016;24(12):

3982-3987.

21. Robinson JR, Bull AMJ, Amis AA. Structural properties of the medial

collateral ligament complex of the human knee. J Biomech. 2005;

38(5):1067-1074.

22. Shelburne KB, Pandy MG, Torry MR. Comparison of shear forces and

ligament loading in the healthy and ACL-deficient knee during gait.

J Biomech. 2004;37(3):313-319.

23. Smeets K, Van Haver A, Van den Bempt S, et al. Risk analysis of

tunnel collision in combined anterior cruciate ligament and anterolat-

eral ligament reconstructions. Knee. 2019;26(5):962-968.

24. White KT, Fleischman A, Ackerman CT, Chen AF, Rothman RH. Man-

aging superficial distal medial collateral ligament insufficiency in pri-

mary total knee arthroplasty using bone staples. J Knee Surg. 2019;

32(9):900-905.

25. Wijdicks CA, Ewart DT, Nuckley DJ, Johansen S, Engebretsen L,

LaPrade RF. Structural properties of the primary medial knee liga-

ments. Am J Sports Med. 2010;38(8):1638-1646.

26. Xerogeanes JW, Fox RJ, Takeda Y, et al. A functional comparison of

animal anterior cruciate ligament models to the human anterior cru-

ciate ligament. Ann Biomed Eng. 1998;26(3):345-352.

6 Glasbrenner et al The Orthopaedic Journal of Sports Medicine


