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Purpose: Achilles tendon rupture is a severe injury with poor curative effect due to its anatomical characteristic and mechanical pe-
culiarity. Internal fixation of limited loop (IFLL) with steel-wire has been applied on patients with tendon rupture to fix the broken ends
before physical rehabilitation. The purpose of this study is to investigate the biomechanical property and radiological characteristic of
such suture technique for the repairment of tendon rupture. Methods: Tendons of pigs’ hint feet were separated for the biomechanical
study. Suture surgery was performed according to the protocol of IFLL. Biomechanical Testing Machine was adopted to conduct the
biomechanical tensile load examination. The maximal load, elastic modulus and tendon stiffness of the stitched tendons with or without
reinforcement were examined. Results: The maximum tensile load of the stitched tendons using IFLL reached 1/4 of the uninjured ten-
don’s maximum tensile load, indicating that such suture technique is capable of providing enough tension for the ruptured tendon.
Surprisingly, tendons fixed with titanium wire showed the highest load tension, which was comparable to the undamaged tendon.
Therefore, we found the biomechanical basis of using IFLL in effectively connecting the rupture ends of tendons. Conclusions: In
conclusion, we provide biomechanical evidence for the use of IFLL in treatment of Achilles tendon rupture, by providing enough
strength for the ankle function. Such suture technique could help the patients with better rehabilitation and reduced in-hospital stay

after Achilles tendon injury.
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1. Introduction

Achilles tendon, 15 c¢cm in length, which originates
from the middle of the calf that consists of gastrocne-
mius muscle and soleus, is the strongest muscle ten-
don in human. Achilles tendon rupture is a common
injury among sportsmen. However, it is difficult to
repair, as the conservative treatment often result in re-
rupture and the open surgery usually come with higher
incision complications [22]. Angiography of Achilles
tendon showed that the tendon is prone to local mal-
nutrition and retrogression after injury, making conser-
vative treatment inefficient for patients with Achilles
tendon rupture [19]. Alternative therapies for tendon
rupture are the conventional surgical methods, in-

cluding tendon conjugation, plaster fixation and post-
operative rehabilitation [12]. The traditional ways to
connect broken tendons, including simple suture and
staple joint, are not strong enough for the following
rehabilitation [20]. On the other hand, long-term
plaster fixation in plantar flexion position often induce
deformity and rigidity of ankle joint [3]. Therefore, in
order to avoid plaster fixation before physical reha-
bilitation after the surgery of Achilles tendon injury,
identifying firm tendon fixation technique is an im-
portant step in the field of orthopedics and sport
medicine.

A suture method has been designed, namely, the
internal fixation of limited loop (IFLL), using suture
line and steel-wire for the repair of early Achilles
tendon rupture [5]. Our recent clinical results have
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shown that fixation of the broken tendons with steel-
wire limited loop is efficient to help the patients re-
build ankle function, with shorter recovery time and
fewer complications, compared to other suture meth-
ods [5]. However, the biomechanical basis of such
suture technique with different suture wires on model
tendons have not been studied. To explore the biome-
chanical properties of the IFLL suture technique on
tendon rupture, in the present study, we investigated
whether IFLL can provide enough supporting strength
for the rupture ends of Achilles tendon. Using 25% of
the normal tendon maximum tensile load as a criterion
[6], [18] for sufficient tension in physical exercises, we
found that such fixation method is sufficient to provide
enough strength for post-operative rehabilitation.

2. Materials and methods

2.1. Separation of the tendons

Pigs’ hint feet, purchased from Hangzhou slaugh-
terhouse, were used for separation of tendons in biome-
chanical study. Research materials were stored at 4 °C,
except during suturing and biomechanical testing.

Atendon B tendon

Fig. 1. Images of dissociated A tendon and B tendon (A)
and universal testing systems for tension
used in the experiment (B)

We chose porcine tendons because of their low
cost, size similar to human Achilles tendons, and the
immediate availability. Crus, skin in the rear side and
deep fascia in the planta pedis were carefully dis-
sected layer by layer until the superficial digital flexor
tendon (B tendon) was seen. B tendon is thinner than
the strong deep digital flexor tendon (A tendon). The
A tendon was seen beneath the distal side of B tendon.
The A tendon consists of one wide flat tendon and one

small round tendon in the proximal end, these two
parts merge into one large even-thickness tendon in
the ankle joint. A tendon divided into 4 strands of
tendon bundle at the place of 2~3 cm distance away
from tiptoes, extending tiptoes (Fig. 1A).

To make bone tunnels, soft tissue was dissected
and feet bones were sawed by a hacksaw at 5 cm dis-
tance away from tiptoe root of pigs’ hint feet. Electric
drill and 2.5 mm kirschner wire were used to drill
vertical holes in the mid-distal part of the metatarsal
majus. Two suitable thick and soft lead wires were
threaded through the holes for preparation of biome-
chanical experiments.

2.2. Radiological observation

In order to observe the bony structure of pig’s feet,
the above specimens were sent to the Department of
Radiology for X-ray DR films. During X-ray obser-
vation, subjects with too much damaged bone struc-
ture, inappropriate position of bone tunnel and steel
wire, were excluded from biomechanical test due to
their mechanical instability.

After the biomechanical experiments, X-ray films
were taken again, to study the destruction of the bony
structure, and the changes in the internal fixation ma-
terials.

2.3. Surgical operation

The No. 1 absorbable suture (Johnson & Johnson,
ETHICON VICRYL*PLUS Vcp359) or the No.7 silk
suture (Johnson & Johnson, ETHICON MERSILK
SA86G (0) 3.5METRIC) was used for the 4-needle
discontinuous suture to surround the two broken ten-
don ends in an end-to-end manner and 6 surgical
knots were placed for each needle.

Single-strand steel-wire or titanium cable
internal fixation (Figs. 2 and 34)

Tendon was cut transversely in the distal end of
tendon, 1 cm away from bifurcate of tendon. 1.0 cm
long small longitudinal incisions were made in both
sides of the proximal end of the metatarsal majus and
vertical holes were drilled for constructing bone tun-
nels. The needle of No.1 steel wire (Johnson & John-
son, ETHICON* STEEL WIRE) or titanium cable
with 1.3 mm in diameter (Guangci M.D) was threaded
through the bone channel to the contra-side, finally
went through the distal rupturing end of tendon after
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passing subcutaneous tissue and medial inferior part
of ipsilateral hind feet. After crossing the distal end of
tendon, the needle threaded through from the middle
of the side sectional tendon bundle, then entered into
the tendon bundle of the ipsilateral proximal rupturing
end, finally went through the place 1.5 cm away from
the section. After coiling 1/4 cross-section diameter,
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the needle entered the tendon and crossed the tendon
diagonally until out of the contra-side. The above
method was repeated for 3~4 times, till arriving the
vertex of 12~13 cm distance away from the proximal
end of the tendon, which was deemed as the proximal
vertex of limited loop. The above method was oper-
ated repeatedly in negative direction for 3~4 times till
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Fig. 3. Images of sutured tendons (A) and radiological pictures of tendons (B)
in different groups as indicated. Figure 3C showed images of tendons at failure load in groups as indicated
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crossing the tendon diagonally. Then the needle en-
tered the middle of the distal rupturing end of tendon
bundle and went through the proximal incision of
metatarsal majus after passing subcutaneous tissue
and medial inferior part of ipsilateral hind feet. The
steel-wire loop was screwed outside the metatarsal
majus to tightly connect the two rupturing ends of
tendon.

Two-strand steel-wire or titanium cable
internal fixation (Figs. 2 and 34)

The No. 1 steel wire and titanium cable with 1.3 mm
in diameter was folded in half to twist twin-rope for
suture according to the above-mentioned operation
method.

Internal fixation with reinforcement

(Figs. 2 and 34)

The suture operation was performed as men-
tioned above. For further reinforcement, cotton piece
(2.5 x 0.8 cm®) was used to wrap the tendon at the
proximal vertex of suture fixation.

0.9% saline solution was use to moist experimen-
tal subjects to prevent from drying and degeneration.

2.4. Biomechanical test

The American INSTRON (SYSTEM ID NUMBER
5569R 1412) Biomechanical Testing Machine was
adopted to conduct biomechanical tensile load testing
(Fig. 1B). The procedures were performed according to
a previous report [17]. Briefly, start the machine to do
pretension process at the speed of 20 mm/min and pull
0.5 mm for 3 times, 3 s in interval. Then tensile testing
was conducted by putting a load at stable speed of 20
mm/min, from zero-load to the load of making tendon
avulsion. The time-load curve and time-strain curve
were generated automatically. Based on these curves,
the stiffness and the elastic modulus were calculated.
Maximum load values were recorded as failure load.

2.5. Statistical data analysis

GraphPad Prism software was used for statistical
analysis. Normality tests were conducted by using the
Kolmogorov—Smirnov test. Some of these groups of data
passed normality test, while some of those failed. Data
were analyzed by the nonparametric Kruskal-Wallis test
with Dunns post-hoc test and expressed as (X +sem).
P < 0.05 was considered to be statistically significant.

3. Results

3.1. Observation of tendon
and suture status

Tendons were assigned to several groups, in-
cluding the control group (tendons without rupture,
n = 24), suture only (Group A, n = 16), single-strand
steel-wire (Group B, n = 6), double-strand steel-wire
(Group C, n = 6), single steel-wire with reinforcement
(Group D, n = 24), titanium-wire with reinforcement
(Group E, n = 6). Ruptured tendons were sutured us-
ing internal fixation method with or without rein-
forcement, as indicated in each group.

X-ray radiological examination and morphology
observation of the stitched tendons were performed to
evaluate whether such internal fixation method is
strong enough to defend tension. We note that the ten-
sion tester did not clamp the metal wires, but clamped
the upper side of the tendon instead. As shown in Fig.
3B, the skeletal structure of all subjects were intact,
metal wires were penetrated through the bones and
connected the ruptured tendons in a way as shown in
Fig. 2, namely IFLL. At failure load of each tendon, as
shown in Fig. 3C, rupture re-occurred at the suture
position due to strong pulling strength. Suture lines
were broken while the metal wire loop remained intact,
except for the single-strand steel-wire group. Subjects
with reinforcement fixation showed no rupture and
avulsion in the proximal end and the local metal wire
loop was kept intact. These results indicate that surgery
of tendon fixation with metal wire was fully done and
the tendon fixation with metal wire and reinforcement
could provide strong tension for the ruptured tendon.

3.2. Biomechanical testing

Biomechanical tests on tendon failure load, elastic
modulus and stiffness were performed to evaluate the
exact tensions of sutured tendons in each group (Fig. 4).
All groups with metal wire fixation showed a failure
load more than 1/4 value of the control tendon, indi-
cating that the IFLL suture can provide enough ten-
sion for post-operative rehabilitation.

Surprisingly, fixation with titanium showed the high-
est improvement of tension, compared to the other
groups. Aspects including the failure load, elastic
modulus and the stiffness of tendons were improved
significantly (far more than 1/4 of the control group) for
tendons in the titanium wire group. Ruptured tendons
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with fixation of titanium wire showed the highest failure
load, which was comparable to the undamaged tendon.
These results suggest that using the internal fixation
suture method with titanium wire could provide far more
tension than needed for physical rehabilitation, which
is especially helpful for patients with Achilles tendon
rupture.

A 1500 *
*k %k
z
< 10004 o
©
o
(] *k%k
i 5004 *% %k
s
= —_—
*k%k
o — T
d S v O Q \Z
S e ) Q Y
B D NS N N NP
V8 P FF S S
250-
*%
o 200
3
3
S 150+
£
2 100
] *kk *%k *% *kk
w504
0_
RPN v Q <
0\@ @"Q.b‘?’\ ‘o"q,of\\ @"19\ @"Q?\ ‘o"Q,\v'x"\
S P P P o0
C 150000+
*%
E
= 100000+
[7]
7]
g
£ 50000
» *kk *% sk Tk
04
S
N %" \sl Q (¢] Q <
(ﬁ\,{é’ <°°Q<\u\ <°°Q"c@ <°°Q‘)@ «°°QQP‘@ s°oQbe‘°Q
gy o Fg g
I Ctrl
Group A: suture only
I Group B: single-strand steel-wire
I Group C: double-strand steel-wire
I Group D: single steel-wire with reinforcement
I Group E: titanium-wire with reinforcement

Fig. 4. Failure load (A), elastic modulus (B) and stiffness (C)
of tendons in different groups as indicated.
* P<0.05, ** P<0.01, *** P<0.001

4. Discussion

Achilles tendon is the strongest tendon in human
body and bears the maximal load in various kinds of
sports. To keep standing balance, Achilles tendon sus-

tains more than half of the body weight [7]. During
strenuous exercise, Achilles tendon is capable of pro-
viding strong strength equal to 5~10 times of the body
weight [15]. With rapid development of the world,
Achilles tendon injury increased significantly due to
sports competition, increasing occurrence of industrial
accident and traffic accident. Like other soft tissues,
Achilles tendon forms fibrous scar after suffering acute
and chronic injuries, consequently leading to changes
of the structure and biomechanical property. Animal
experiments have found that the repair of Achilles ten-
don in rabbit takes 4 months and the repair of patellar
tendon in human lasts at least 2 years [4]. If there is not
enough time for the repairment, early movement can
induce death of the tendon cells due to over stress,
which strongly delays the synthesis of collagen, making
the remaining tissue more susceptible to injuries.

The therapeutic strategies for acute Achilles ten-
don rupture include surgical and non-surgical treat-
ment. Compared with non-surgical treatment, surgical
treatment can effectively reduce the occurrence rate of
repeated rupture, but with higher occurrence of wound
infection and nerve injury [12]. Soroceanu et al. [19]
analyzed the conservative treatment and the surgical
treatment for acute Achilles tendon rupture using
Meta-analysis and found the occurrence rate of re-
peated rupture was 10~12% after conservative treat-
ment and 3% after surgical operation and rehabilitation.
Thus, active surgical treatment should be recom-
mended at the early stage of tendon rupture [8], [11].
No matter what kind of therapy used, long-term im-
mobilization will result in abnormal tendon metabo-
lism, collagen degeneration, reduced tendon stiffness
and repeated rupture. Groetelaers et al. [9] also found
that early rehabilitation is beneficial for tendon recov-
ery. Thus, exploring effective suture method with
proper material to enable early rehabilitation is very
important for treatment of tendon rupture [2], [13]. A
recent report showed that multistrand running locking
suture is capable of providing enough biomechanical
strength during reducing of trauma [1].

Suture method of IFLL was invented and applied to
patients in our hospital with satisfying post-operative
performance [5]. However, whether IFLL can provide
tendon with enough strength for physical rehabilita-
tion is unknown. The current study used pig’ tendons
as subjects, as they have similar diameter with human
Achilles tendons [10], [16], investigating the biome-
chanical basis of the internal fixation of steel-wire
limited loop. Our results showed that the maximum ten-
sile load of different operation groups reached 1/4 ten-
sion of the intact tendon, which is comparable with
other suture techniques [14]. Unexpectedly, repaired
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tendons using titanium wire reached up to 2/3 of the
normal tension, which is comparable to the unaffected
condition. The use of titanium in repairment of several
kinds of fractures has been reported, while the under-
lying mechanism is unclear. One report showed that
titanium is capable of increasing cell apoptosis during
microwave treatment probably through remarkable
enhancement of tissue temperature [23]. Another report
justified the use of porous titanium coated constructs in
tendon-to-bone healing [21]. Until now people have no
idea how such inert metal benefit tissue repair, further
investigation on its theoretical basis is needed.

The present study has several limitations. Although
IFLL suture is working well, there is lack of comparison
between such technique with other well-applied suture
methods, as to decide which is better in the tendon-repair
surgery. Another issue is that steel wire or similar mate-
rials have been used in Achilles repair in the past ac-
companied with various morbidity and complication
rates due to the necessity of the second operation to re-
move the suture material. Further experiments compar-
ing such method using absorbable material are needed.

5. Conclusion

Our work provides biomechanical evidence to sup-
port that IFLL suture is an efficient therapeutic
method for tendon rupture. Such suture method effec-
tively connected the broken tendon ends, thus pro-
viding enough tension immediately after operation.
Among all the materials tested, IFLL using titanium
wire together with reinforcement exhibited the great-
est biomechanical recovery, indicating its potential
application in the future.
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