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Abstract Press-fit fixation of patellar tendon bone
anterior cruciate ligament autografts is an interesting
technique because no hardware is necessary to achieve
fixation. Up till the present point, there is no biome-
chanical data available for the tibial press-fit fixation of
the hamstring tendons. Hamstring tendons of 21 hu-
man cadavers (age: 41.9 + 13.1 years) were used. A
press-fit fixation with looped semitendinosus and
gracilis tendons secured by a tape (T) over a bone
bridge, or by a baseball-stitched suture (S), was com-
pared with degradable interference screw fixation (I) in
21 porcine tibiae. The constructs were cyclically
strained and subsequently loaded to failure. The
maximum load to failure, stiffness, and elongation
during cyclical loading were measured. The maximum
load to failure was highest for the T-fixation at

970 + 83 N, followed by the I-fixation with
544 + 109 N, and the S-fixation with 402 + 78 N
(P < 0.03). Stiffness of the constructs averaged
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78 + 13 N/mm for T, 108 + 18 N/mm for S, and
162 + 27 N/mm for I (P < 0.03). Elongation during
initial cyclical loading was 2.0 = 0.6 mm for T,
3.3 + 1.1 mm for S, and 1.4 + 0.5 mm for I (S inferior
to I and T, P<0.05). Elongation between the 20th and
1,500th loading cycle was lower for T (2.2 + 0.7 mm)
compared with I (4.1 + 2.7 mm) and S (4.8 = 0.7 mm;
P < 0.001). The T-fixation technique exhibited a sig-
nificantly higher failure load than the S-, and I- tech-
niques. All techniques exhibited larger elongation
during initial cyclical loading than is reported in the
literature for grafts with bone blocks. Only one tech-
nique (T) showed satisfactory elongation behavior
during long-term cyclic loading. Interference screw
fixation demonstrated significantly higher stiffness.
Only one of the investigated techniques (T) seemed to
exhibit adequate mechanical properties necessary for
early aggressive rehabilitation programs.

Keywords ACL reconstruction - Hamstring -
Tendons - Press-fit

Introduction

Hamstring tendons and bone patellar tendon bone
(BPTB) have both been named the “gold standard”
for primary anterior cruciate ligament (ACL)
replacement [7]. Nonetheless, many different fixation
techniques have been investigated [16, 17, 19]. For the
hamstring tendons, most surgeons today use hardware
for fixation of the graft outside (Endobutton, suture,
postscrew, staple) or inside (nonresorbable and re-
sorbable interference screws, cross-pin) the drill holes
[25]. The use of most of these implants is compromised
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by artifacts on postoperative magnetic resonance
imaging and the necessity of implant removal in the
case of ACL revision surgery [15, 22]. Hardware free
press-fit fixation may provide a solution to the draw-
backs associated with current techniques [25].

Bone tunnel enlargement is a problem that has been
observed following reconstruction of the ACL [4, 14].
The occurrence of bone tunnel enlargement is more
frequent, and the magnitude is greater when hamstring
grafts are used [28]. Migration of the graft within the
tunnel has been suspected of causing this phenomenon
[10]. In several meta-analyses, it was demonstrated that
hamstring tendon reconstructions are associated with
less patellar pain, but the stability of contemporary
hamstring tendon reconstructions is inferior to the
BPTB technique [5, 6, 32]. Press-fit fixation of the
patellar tendon with bone blocks has been shown to
provide a good functional outcome in a study with a
follow-up of 10 years [8]. In a previous study from our
lab, three techniques of press-fitting hamstring tendons
in the femoral tunnel were investigated [13]. Two of
the three techniques were shown to be mechanically
equivalent with the patellar tendon press-fit technique
if preconditioned adequately.

We therefore conducted the present study in order to
investigate the possibility of using press-fit fixation on
the opposite end of the graft, namely in the tibial tun-
nel. The investigated techniques were also developed
using a bone block that presses the graft against the
tibial tunnel in close proximity to the joint space. Based
on previous experiences, such a technique could foster
graft to bone healing [29]. Bone graft integration has
been compromised by many of today’s implants [3, 14].

Hence, the purpose of this study was to develop and
mechanically characterize a tibial press-fit technique of
the hamstring tendons that is free of artificial implants
and utilizes a bone block. The fixation strength of this
procedure was thus compared with that of a biode-
gradable interference screw fixation that was well
documented [17, 31].

Materials and methods

The knees of 21 human cadavers were used for
explantation of the hamstring tendons for this study.
The age was 41.9 + 13.1 years (range: 18-60). Explan-
tation was performed on average 2.7 = 1.3 (0-4) days
postmortem. We used the tendons of 14 men and 7
women with a height of 175.7 + 11.6 (149-190) cm and
a weight of 74.9 + 15.2 (44-100) kg for this investiga-
tion. There were no signs of ligament degeneration or
local trauma. A bone block was harvested from the
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tibia medial to the tibial tuberosity (Fig. 1a) in a region
where positioning of the tibial tunnel for ACL recon-
struction has been recommended [2, 24]. Parts of the
block were cortical bone. The block was initially
30 x 11 mm in size and trimmed to be semicircular in
shape. The hamstring tendons were looped and had a
combined diameter of 7.9 + 0.6 mm (7-9 mm). For the
tibial drill holes, we used the tibiae of 30 German
landrace pigs. The pigs were 1-year-old, fully grown,
and had a weight between 100 and 120 lbs. All soft
tissue was dissected off the bone and the shaft was
shortened to 15 cm. The shaft was cemented into an
aluminum holder using a polyurethane system (Ren-
Cast® FC 53; Huntsman Advanced Materials Ltd.,
Duxford, Cambridge, England).

Graft preparation and fixation

Seven graft constructs were used in each group. The
grafts and bone blocks were kept moist during prepa-
ration and testing by spraying with a buffered physio-
logic saline solution, and refrigerated at —20°C before
and after preparation until testing.

All bone tunnels were drilled using a drill-press at a
flexion angle of the axis of the shaft of the tibia of 30°
in the sagittal plane and 15° towards the medial side.
This approach was used to imitate the tunnel that is
created using a drill guide that allows aiming the tibial
tunnel in a direction that facilitates impingement-free
positioning and transtibial femoral drilling [12].

Interference screw fixation (I)

The diameter of the tendons was measured and a drill
hole of equal diameter was created. A degradable
interference screw (Sysorb®; Centerpulse Medical AG,
Winterthur, Switzerland) with a screw length of 30 mm
and a diameter that exceeded the tunnel width by
1 mm (oversized [31]) was inserted over a guide wire
using the instruments and guidelines provided by the
manufacturer. The screw was advanced until the
proximal outlet of the tunnel.

Press-fit tape fixation (T)

The femoral hamstring press-fit fixation technique de-
scribed by Paessler [25], leaves a doubled semitendi-
nosus/gracilis loop that can be advanced into the tibial
tunnel (Fig. 1b); a 4-mm retraction tape (Mersilene;
Ethicon Inc., Somerville, NJ, USA) was passed
through this loop and a 10-mm wide bone bridge was
created using a 3.2-mm AO drill bit. The diameter of
the hamstring tendons was determined, and the size of
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Fig. 1 A bone block from A
proximal tibia was harvested
in a region where the tibial
bone tunnel is usually situated
(a). The cortical bone block
was trimmed to a conical,
semicircular shape. The
fixation techniques that were
investigated: S/G-grafts were
prepared as loops; a
retraction tape was passed
through the loop (technique
T; b). The tape was passed
through a 3.2-mm wide hole
that created a bone bridge
and sutured to this post. The
semicircular block was
advanced along the medial
side of the tibial tunnel until it
came to rest close to the
tunnel outlet (d).
Alternatively, the S/G
tendons were sewn together
with a modified baseball stitch
(technique S; ¢). The free
ends of the sutures were
passed through underneath
the bone bridge and sutured.
The bone block was
introduced by analogy with
technique T (e). Mechanical
tests were conducted with a
graft-bone tunnel angle of 0°
(d, e). The bone block for the
press-fit fixation was inserted
from the distal medial side of
the tibial tunnel, pressing the
graft to the lateral wall of the
tunnel (f; A, ACL-footprint;
B, bone block; T, transplant)

the bone block was trimmed to a maximum diameter of
the tendons diameter plus 2 mm. Then, the diameter of
both tendons in combination with the bone plug was
determined and the distal cortical end of the tibial
tunnel was overdrilled with the diameter of the con-
struct. One end of the tape was introduced through the
drill hole and a pretension of 8 N (20 1b) was applied
for 5 min. The tape was tied over the bone bridge with
five knots. The semicircular bone block was introduced
into the distal medial side of the tunnel and advanced
with a pusher until it came to rest at the proximal
tunnel outlet (Fig. 1d). The bone block was positioned
such that its cortical side was facing away from the
graft.

Press-fit suture fixation (S)

The second femoral press-fit fixation that has been
investigated previously [13], and leaves four separate

strands of the graft for tibial fixation (Fig. 1c). Each
end of the semitendinosus tendon was sewn to the
corresponding end of the gracilis tendon with a modi-
fied baseball stitch (Mersilene No. 3 metric, USP 6;
Ethicon Inc., Fig. 1c). The size of the tendons and the
semicircular bone plug was determined and the distal
cortical end of the tibial tunnel was overdrilled to the
corresponding diameter. Two of the four suture ends
were passed through a bone bridge that was installed
by analogy with the first press-fit technique. A pre-
tension of 89 N (20 Ib) was applied for 5 min. The
sutures were tied with five knots. The bone block was
installed by the same means as with the first press-fit
technique (Fig. le).

Mechanical testing

The constructs were thawed at 4°C for 24 h prior to
mechanical testing and kept moist during preparation

@ Springer



1284

Knee Surg Sports Traumatol Arthrosc (2006) 14:1281-1287

and testing using buffered physiological saline solution
sprayed onto the specimen.

A mechanical testing machine (Mini Bionix 858;
MTS Systems Co., MN, USA) was used for the
mechanical evaluation of the constructs. The potted
tibiae were rigidly fixed in a base platform tilted at 30°,
setting the bone tunnel-force direction angle to 0°. This
represents a simulation of human ACL reconstructs
with a knee flexion angle of 0-30° (Lachman-position
[26]; Fig. 1d, e). The distance between the grafts and
the clamp was 25 mm, the total length of the free
tendons exiting the tunnel was trimmed to 50 mm,
leaving 20 mm for fixation in a specially fabricated,
s-shaped clamp.

Fixation was performed with the graft centered
within the clamp. Then, constructs were pre-tensioned
with 50 N for 30 s immediately prior to testing. Sub-
sequently, 1,500 cycles of sinusoidal loading ranging
from 50 and 200 N were applied at a repetition rate of
0.5 Hz. The increase in construct length was recorded
during cyclical loading. Length changes were reported
between first and fifth, fifth and twentieth, twentieth
and fiftieth, and fiftieth to 1,500th cycle. After cyclical
loading, loading of the specimens was ramped down to
10 N, and after a pause of 30 s the constructs were
tested to failure with an actuator speed of 1 mm/s. The
maximum failure load, failure mode, and structural
stiffness of the constructs were analyzed.

Statistical analysis

All mean values are reported with standard deviations,
and ranges. The three groups were compared using a
one-way ANOVA. Checks of the normality and
equality of variances were conducted. If the normality
test failed, a Kruskal-Wallis ANOVA on ranks was
executed with a post-hoc Dunn’s Test. If normality test
was passed, an ANOVA model with a post-hoc Tukey
Test was used. Power tests were used for non-signifi-
cant findings. All operations were performed using
SigmaStat 3.0 (SPSS-company, Chicago, IL 60606,
USA). A significance level of 0.05 was used.

Results
Diameter of drill holes

The proximal diameter of the drill hole was
7.75 £ 0.75 mm (range: 7.0-9.0 mm) in group I,
8.43 £ 0.53 mm (range: 8.0-9.0 mm) in group T, and
8.14 £ 0.69 mm (range: 7.0-9.0 mm) in group S with no
significant differences being observed (ANOVA,
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Table 1 Experimental groups investigated in this study: tape
(T), suture (S), and interference screw (S)

Fixation Type T S 1 Significance
# specimen 7 7 7
Diameter of 84+05 81+07 7.6+08 NS

tendons/ bone
blocks
Max. diameter
of drill hole
Age of donors

104 +05 97+06 82=x07 T-SNS

483 + 6.8 43.5 £ 13.5 37.7 £ 16.6 NS

NSnon significant

P=0.09). The distal diameter of group I was
8.19 + 0.65 mm (range: 7.5-9.5 mm), 10.43 + 0.53 mm
(range: 10.0-11.0 mm) in group T, and 9.71 + 0.57
(range: 8.5-10.0 mm) in group S, which was signifi-
cantly larger than the I group [(P<0.01); Table 1].

Load to failure

Maximum pull out forces were 970 + 83 N (range: 853—
1,087 N) for the T-fixation, 402 + 78 N (303-485 N)
for the S-fixation, and 544 + 109 N (440-756 N) for the
I-fixation, with all of these values being significantly
different (ANOVA, P<0.001; Fig. 2).

Failure mode

None of the fixations failed during cyclic loading. All
failures in the T-fixation group were as a result of
ruptures of the tape. In one instance, the gracilis ten-
don and the tape ruptured simultaneously. In the S-
fixation group, constructs failed due to rupture of the
suture in six cases (86%); and in one test, the tendons
were pulled out of the sutures (14%). In the I-fixation

1200

1000 + T

800 -

600 - T

400 - T

Force (N)

200 A

T S I
Fig. 2 Maximum load to failure of the three techniques

investigated in this study: there were significant differences
between all techniques (asterisk, ANOVA, Tukey test, P<0.01)
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Fig. 3 Stiffness of the constructs of the three techniques
investigated in this study; significant differences were observed
(asterisk, ANOVA, Tukey test, P<0.01)

group, screw fixation was pulled out of the socket in all
instances (100%).

Graft/ fixation stiffness

Stiffness of T-fixation group was lower (78 + 13 N/mm;
range: 59-95 N/mm) than the S-fixation group
(108 + 18 N/mm; 88-145 N/mm). The interference
screw fixation demonstrated the highest stiffness
(162 = 27 N/mm; 129-207 N/mm), and all of these
differences were significant (P <0.03; Fig. 3).

K
* * *
L0 — B
== s
4 !
= -
E 34
c
i<l
®
g
& 21
w
1 4
b 288
0 L =
1-5 5-20 20-1500
Cycles

Fig. 4 The cyclical loading elongation of the three techniques
investigated in this study. Elongation of the S-fixation constructs
during the first five cycles and between the fifteenth and
twentieth cycles of loading was significantly larger than that of
the other fixation techniques (asterisk, ANOVA, Tukey test,
P<0.03). Between the 20th and 1,500th cycles, technique T
exhibited significantly smaller elongation than T and I (asterisk,
ANOVA, Tukey test, P<0.05)

Length increase during cyclic loading

Cyclical loading elongation determined by the
mechanical testing machine in between the first and the
fifth loading cycle (Fig. 4) was 2.0 £ 0.6 mm (range:
1.5-3.1 mm) for T-fixation, 3.3 + 1.1 mm (2.1-5.4 mm)
for S-fixation, and 1.4 + 0.5 mm (0.4-2.6 mm) for I-
fixation constructs. Cyclical loading elongation of S-
fixation was significantly larger than the other observed
techniques (P <0.05). From the fifth to the twentieth
loading cycle, length changes were significantly less
than over the first five cycles, being reduced to
0.15 + 0.04 mm  (0.08-0.2 mm) for T-fixation,
0.33 £ 0.06 mm (0.27-0.42 mm) for S-fixation, and
0.14 £0.06 mm (0.06-0.2 mm) for the I-fixation con-
structs. Elongation of the S-fixation group was still
larger than the other groups (P <0.01). In between the
twentieth and 1,500th cycle, elongation for T-fixation
[2.2 £ 0.07 mm (1.4-3.5 mm)] was significantly smaller
than for S-fixation [4.8 + 0.7 mm (3.7-5.8 mm)] and
I-fixation [4.1 £2.7 mm (2.0-9.9 mm); P <0.001)].

Discussion

The purpose of this study was to investigate the
mechanical properties of press-fit tibial fixation of the
hamstring tendons in comparison with a well-investi-
gated interference screw fixation.

This study was conducted using human cadavers and
young porcine tibiae. Care was taken to explant the
tendons shortly postmortem (2.7 + 1.3 days). The
mechanical properties of the tendons of this collective
are different from young human tendons; however,
most failures were observed as a result of fixation
failure rather than tendon rupture.

Recently, there have been concerns about the use of
porcine bone for mechanical tests of graft fixations
[23]. This study shows that failure loads of interference
screw fixations are overestimated in a porcine model
compared with the results obtained with human spec-
imens because the spongiosa is more rigid in the por-
cine bone. It can be assumed that the observed failure
loads for the interference screw fixation in this study
are higher compared with results that would be ob-
tained using human bone. In our opinion, fixation over
a post (as with the T- and S-fixation techniques) are
better comparable with results obtained with human
specimens, because the cortical bone is similar in both
models. Most failures in these groups were a result of
suture ruptures. We chose this model so that the results
of the present study can be compared with the results
of other authors who used a similar set-up [17, 19, 26],
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and because the specimens were more homogeneous
than available human specimens would have been. Our
results for failure loads for the interference screw fix-
ation are within the standard deviation of the results of
Kousa et al. (612 + 176 N for BioScrew and
665 + 201 N for SmartScrew ACL [17]) and Weiler
etal. (479 = 111 N for Arthrex biodegradable screw, 1-
mm oversized [30]). The stiffness found for the inter-
ference screw fixation was higher than found by Kousa
etal. (91 + 34 N/mm for BioScrew and 115 + 34 N/mm
for Smart Screw ACL [17]). This could be a result of
the larger screw diameter in this study. Stiffness of the
press-fit fixations of this study were comparable with
the results obtained from other postfixations
(87 £ 23 N/mm for WasherLoc and 69 + 14 N/mm for
tandem-spiked washers [17]).

Higher strain rates have been used in the investi-
gations of some other authors (30 mm/s [1,18]). The
strain rate used in this study (1 mm/s) has been used in
most recent investigations [9, 16, 26, 31] and makes the
results comparable with our previous investigation
[13].

Various different numbers of cycles, recovery peri-
ods, and strain magnitudes have been used in order to
determine the biomechanical properties of graft fixa-
tions [9, 16, 21, 26, 31]. In contrast to our previous
investigation [13], we added a long-term test (1,500
cycles) to our protocol. The results suggest that fixation
forces are not adequate for both interference screw and
suture fixation (4.1 + 2.7 and 4.8 + 0.7 mm). However,
these results are comparable with the investigation of
Kousa et al. [17]. Clinical correlation with long-term
knee stability is needed in order to verify these
findings.

The present study demonstrates that secure tibial
fixation is more difficult to achieve than femoral fixa-
tion [13]. There is little angulation of the graft entering
the tibial tunnel. Therefore, press-fit techniques add
less to the rigidity of the fixation compared with when
they are used in the femoral tunnel [21]. However, the
T-fixation technique performed well in terms of failure
loads and long-term elongation. Graft fixation in 30° of
knee flexion has to be recommended to adjust for the
initial elongation that is higher than that found for a
press-fit BPTB graft (0.7 + 0.6 mm [13]).

Aggressive rehabilitation protocols have been used
successfully in order to rehabilitate ACL-reconstruc-
tions using both patellar tendon [27] and hamstring
tendon grafts [11]. These protocols repeatedly put
loads of more than 200 N on the grafts [20].

To our knowledge, this study is the only investiga-
tion that reports data for press-fit hamstring fixation
with a bone block for the tibial tunnel. Other authors
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have analyzed interference screw fixation of hamstring
grafts wrapped around a bone block [31]. They found
this technique to be of equal quality in terms of
mechanical properties compared with a pure tendon
fixation. We conclude the same for the T-fixation group
of this investigation.

The clinical relevance of a press-fit procedure for the
hamstring tendons in the tibial tunnel is the potential
of less bone tunnel widening compared with currently
used techniques [3, 28]. A further benefit is the possi-
bility to perform MRIs without metal artifacts.

This study demonstrates that a press-fit technique
with the hamstring tendons and and autologous bone
block demonstrates higher maximum pull out forces
when compared with an isolated interference screw
fixation. The constructs need to be pretensioned before
final fixation. Further clinical studies are necessary to
follow up on the healing process of a tibial press-fit
fixation. Such studies should include a careful analysis
of bone tunnel enlargement.
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