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Following surgical Achilles tendon reconstruction surgery, there is a distinct trend towards an early and
faster rehabilitation protocol to avoid muscle atrophy. However, this procedure involves the risk of a
higher complication rate. In order to reduce the occurrence of re-ruptures and pathological tendon exten-
sions, a tendon reconstruction with the highest possible primary stability is desirable. Therefore, the aim

I(eywords: ) of this study was to determine if augmentation using synthetic polyester tapes (QuadsTape™) could pro-
Achilles tendon repair vide greater primary stability in case of different tendon suture techniques.
Augmentation

90 tendons of the superficial toe flexor of pigs were divided into 9 groups. The reconstruction method
was combined using the factors suture technique (Kessler and Bunnell), augmentation (non-augmented
and augmented with QuadsTape™) and defect type (end-to-end and 10 mm gap). The biomechanical
measurements were performed on a material testing machine and consisted of a creep test, a cyclic test
and a tear-off test. This study compared creep strain, ultimate load failure, maximum stress and stiffness.

Irrespective of the type of defect involved, augmentation of the tendon sutures led to a significant
increase of the maximum force (not augmented: 82.30+25.48 N, augmented: 135.73 +30.69 N,
p<0.001) and the maximum stress (not augmented: 2.26 + 0.83 MPa, augmented: 4.13 +1.79 MPa,
p <0.001). Furthermore, there was a non-significant increase in stiffness and no significant differences
were observed with respect to creep strain.

Augmentation of Achilles tendon reconstruction using QuadsTape™ increases composite strength and
stiffness in the in vitro model, thus potentially contributing to the feasibility of early rehabilitation pro-
grams. Biological factors still need to be investigated in order to formulate appropriate indications.

© 2019 Elsevier Ltd. All rights reserved.

Suture technique
Mechanical properties

in their 60s, spontaneous ruptures increase in frequency as a result
of a variety of metabolic or inflammatory conditions (Ames et al.,

1. Introduction

Increasing incidence of Achilles tendon ruptures has been
observed in recent decades (Huttunen et al., 2014, Lantto et al.,
2015, Maffulli et al., 1999, Maffulli, 1999, Sheth et al., 2017). With
a percentage of 60-85% (Jozsa et al., 1989, Levi, 1997), sports-
related Achilles tendon ruptures are the most prevalent ones in
patients between 30 and 45 years of age (Maffulli et al., 1999,
Maffulli, 1999, Nyyssonen et al., 2008). However, even for patients
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2008).

Although the rate of rerupture after tendon surgery is relatively
low, early exposure and aggressive rehabilitation are associated
with an increased risk of rerupture and an increased risk of patho-
logical tendon lengthening. Thus, it has already been proven that
divergence of the tendon ends occurs both after early functional
mobilization (Mortensen et al., 1999) as well as due to immobiliza-
tion (Nystrom and Holmlund, 1983). This process seems to be able
to affect the repair process and lead to known postoperative com-
plications such as plantar flexion weakness or reduced passive
stiffness in dorsiflexion (Mullaney et al., 2006). In summary, these
studies indicate the need for more stable Achilles repair techniques


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2019.06.021&domain=pdf
https://doi.org/10.1016/j.jbiomech.2019.06.021
mailto:Dirk.Stolz@ortho.med.uni-giessen.de
https://doi.org/10.1016/j.jbiomech.2019.06.021
http://www.sciencedirect.com/science/journal/00219290
http://www.elsevier.com/locate/jbiomech
http://www.elsevier.com/locate/jbiomech
http://www.JBiomech.com

A. Jahnke et al. /Journal of Biomechanics 93 (2019) 132-139 133

that adequately tolerate an early postoperative rehabilitation
program.

At present, there is no uniformly accepted surgical technique for
Achilles tendon reconstruction. Almost 60 different methods have
been described so far (Crolla et al., 1987), which consider different
suture techniques and augmentation methods in combination
(Leppilahti and Orava, 1998). In vivo, simple adaptation of tendon
stumps by end-to-end suture with resorbable material
(Guckenberger, 2004) according to Bunnell or Kessler are the most
frequently used techniques (Wong et al., 2002) and unofficially
represent the standard configuration for surgical Achilles tendon
repair (Watson et al., 1995).

For additional augmentation of tendon suture, a variety of dif-
ferent autografts, allografts and xenografts with different mechan-
ical properties are available (Berlet et al., 2014). An increase in the
primary stability of the suture by some of these augmentation sub-
stances has already been noted in biomechanical studies (Barber
et al., 2008), but there is not yet any gold standard. In addition,
these materials have the disadvantage of donor morbidity.

There are relatively few research results about the augmenta-
tion of Achilles tendon sutures by using synthetic materials. In a
biomechanical study, Giza et al. used in human Achilles tendons
a synthetic and degradable polyurethane urea which was intended
to serve as a scaffold for ingrowth of cells to facilitate healing and
stabilize the tendon. In this study, a significantly higher ultimate
load failure was recorded in the failure test in comparison with
the control group without augmentation (Giza et al., 2011).
According to our knowledge, despite the positive results of this
study, no further experiments evaluate the biomechanical proper-
ties of a tendon augmented with synthetic material in comparison
with non-augmented tendons.

We have hypothesized that augmentation of tendon suture
using synthetic polyester tapes (QuadsTape™) compared to
suture-only, will increase primary stability in the in vitro model
and allow for less loss of strength of the tendon reconstruction
thanks to increased stiffness values. In addition, it was to be deter-
mined in combination with which suture technique (Bunnell or
Kessler) and depending on the type of defect involved, the most
favorable biomechanical properties can be obtained.

2. Material and methods

Due to anatomical and physiological properties similar to
human tendons (Mao et al., 2011), the tendons of the M. flexor dig-
itorum superficialis (superficial toe flexor) of the pig were selected
for this study (Zatiti et al., 1998, Oswald et al., 2017). The tendons
of the M. flexorum digitorum superficialis were separated from 90
fore feet of pigs, their soft tissue was removed and they were
checked for any macroscopic deficiencies. The tendons then were
frozen at —20 °C and thawed for testing for 30 min in 37 °C warm
NaCl solution. Oswald et al. recommend the applied cryopreserva-
tion for scientific studies of mechanical properties of tendons
(Oswald et al., 2017). Subsequently, the tendons were randomly
distributed among 9 groups, with the suture techniques, augmen-
tation methods and the distance of the ruptured tendon ends vary-
ing within these groups (Table 1).

Before carrying out the load tests, the tendons were uniaxially
clamped into a compression-tension testing machine (Inspekt
table Blue 20 EDC 222, Hegewald & Peschke Mef- und Priiftechnik
GmbH, Nossen, Germany), preloaded with a tensile force of 10 N -
analogous to Clavert et al. and Oswald et al. (Clavert et al., 2001,
Oswald et al., 2017), and at four defined measurement points the
diameter was measured by laser at the point of least circumference
(Fig. 1). Thus, the cross-section could be approximately recon-
structed and calculated. Subsequently, a defect was provided by

means of a scalpel and the tendons were reconstructed in a
group-dependent manner under a standardized stress (Fig. 2).

2.1. Augmentation

Augmentation was performed using a 30 mm wide QuadsTape™
system (Neoligaments™, A division of Xiros™, Springfield House,
Whitehouse Lane, Leeds LS19 7UE UK) (Fig. 3). These are sterile,
non-absorbable polyester tapes that cause a minor inflammatory
response in the tissue and are subsequently fibrously encapsu-
lated. According to the manufacturer, indication for the application
is, among other things, the reconstruction of damaged or torn liga-
ments and tendons. For tendon augmentation, the QuadsTape™ is
designed to integrate well into the patient’s tissue and serve as a
scaffold for ingrowth of cells (neoligaments™).

The QuadsTape™ was fixed to the tendon by using absorbable
polyglactin 910 sutures (Vicryl™ Plus 3-0, Johnson & Johnson Med-
ical GmbH, Norderstedt).

2.2. Suture technique

In this study, the two suturing techniques to Bunnell and Kess-
ler (Wong et al.,, 2002) were used which are most commonly
applied in vivo (Fig. 4). The interlacing length was chosen based
on the complexity of the particular suture technique by an experi-
enced surgeon. Therefore, the longer interlacing of the Bunnell
suture only results from the higher number of loops. Both sutures
were performed with resorbable polydioxanone (PDS™ II, Johnson
& Johnson Medical GmbH, Norderstedt).

2.3. Type of defect

Since it is quite common in practice that due to a possible
retraction of the tendon ends after a chronic rupture, these cannot
be treated end-to-end, in this study we also examined the influ-
ence of an approx. 10 mm large gap on the primary stability of ten-
don repair. In clinical practice, we have often been able to observe
an in situ gap despite maximal plantar flexion of the foot. Due to
this or in case of this incomplete this incomplete approach, a
10 mm dehiscence was chosen as a defect. Therefore, the 10 mm
gap was left prior to the suture in groups 6-9.

After group-dependent reconstruction of the tendons they were
clamped into the material testing machine (Fig. 5) and subjected to
a creep test, a cyclic test and a tear-off test with intermittent 30-
minute pauses. In order to determine the creep behavior in the
creep test at a constant feed speed of 5 N/s, the load of the tendons
was set to 30 N and held for 15 min. In the subsequent cyclic test,
analogous to Barber et al. and Giza et al., the lower load limit was
at 2 N and the upper load limit at 30 N (Barber et al., 2008; Giza
et al., 2011). A total of 500 cycles were performed at a frequency
of 0.4 Hz. In the tear-off test, the tendons were loaded to failure
at a feed speed of 300 N/s. Each time before and after a test, there
was a 90-second pre-load phase at 10 N.

The statistical evaluation of the results was done with SPSS
22.0.1 (Version for Windows, Evaluation Version, IBM, Armonk,
NY, USA). Only those parameters were used for more detailed eval-
uation, which have the greatest significance for estimating the pri-
mary stability of the Achilles tendon reconstructions. Both the
creep test and the cyclic test evaluated the influence of suture
technique, augmentation and defect type on the creep strain in %.
The tear-off test evaluated the influence of suture technique, aug-
mentation and defect type on the maximum force in N, the maxi-
mum stress in N/mm? and the stiffness in N/mm. Using the
Shapiro-Wilk test, the data were tested for normal distribution
by means of a 95% confidence interval of the mean values. Based
on the actual variance heterogeneity of the mean values, a
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Table 1

Tabular overview of the group classification.
Group n (sample size) Suture technique Augmentation Defect
1 10 native - -
2 10 Kessler - end-to-end
3 10 Kessler QuadsTape™ end-to-end
4 10 Bunnell - end-to-end
5 10 Bunnell QuadsTape™ end-to-end
6 10 Kessler - gap
7 10 Kessler QuadsTape™ gap
8 10 Bunnell - gap
9 10 Bunnell QuadsTape™ gap

Fig. 2. To reconstruct cross area section of the tendons under a standardized
tension, they were fixed 3 cm to the left and right of the defect in a kidney dish
using rubber bands.

Kruskal-Wallis test was carried out to evaluate the differences
between the groups. In order to control the multiple testing and
to further investigate between which groups there are differences,
pairwise comparisons were made with a Dunn-Bonferroni test. The
global significance level was set to p<0.05. Subsequently, an
exploratory data analysis and a direct comparison of the mean
values were used to determine how great the difference actually
was, in order to be able to assess whether, in addition to a possible
statistical significance, there was also a clinical significance.

Fig. 3. QuadsTape™ mesh made of polyester with a width of 30 mm. The double
mesh structure ensures high strength.

b Y J
1,5cm

Fig. 4. (a) Suture technique according to Bunnell. (b) Suture technique according to
Kessler.

3. Results
3.1. Creep test

There were no significant differences in creep strain as a func-
tion of augmentation (without QuadsTape™ 2.07 + 0.49% vs Quad-
sTape™ 2.12+0.38%, p>0.05). When comparing the suturing
techniques, the creep strain of the tendons reconstructed with
Kessler suture was on average significantly lower than the creep
strain of the Bunnell suture tendons (1.86+0.24% vs.
2.33+0.46%; p<0.001). The creep strain of the end-to-end
adapted tendons was 2.11 + 0.44%, which was not significantly
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Fig. 5. After group-specific reconstruction, the tendons were uniaxially clamped in the material testing machine. (a) - End-to-End Kessler Suture (b) - Bunnell Suture with

QuadsTape™ (c) - Kessler Suture with Gap.

different from that of the Gap tendons (2.08 + 0.43%). No gap for-
mation was observed.

3.2. Cyclic test

The cyclic test also showed no significant difference between
the tendons without QuadsTape™ (2.84 +1.11%) and the tendons
with QuadsTape™ (2.49 + 0.84%). When comparing the sutures,
the Kessler group showed significantly lower values, i.e.
2.10+0.61%, than the Bunnell group with 2.10+0.61%
(p <0.001). The creep strain averages across the groups of different
defect types, i.e. end-to-end defect type (2.83 +1.14%) and Gap
type (2.50 £ 0.79%) were not significantly different. Again, no gap
formation could be observed.

3.3. Tear-off test

The ultimate load failure of tendons augmented with QuadsTa-
pe™ was significantly greater than that of non-augmented tendons
(135.73 £+30.69 N vs. 8230+ 2548 N, p <0.001). The augmented
tendons also showed significantly higher values for maximum
stress and stiffness (Table 2). Comparing the mean values of the
maximum forces depending on the suture technique, no significant
differences could be found between Kessler (115.85 +39.35 N) and
Bunnell (102.19 £ 37.56 N). However, the tendons reconstructed by
using the Bunnell technique showed a maximum stress of
4.19 +1.62 N/mm?. These were significantly higher values com-
pared to Kessler with 2.20 + 1.01 N/mm? (p < 0.001). The situation
was similar for the stiffness values. Bunnell (10.93 + 5.18 N/mm)
showed significantly higher stiffness than Kessler (6.20 + 4.64 N/
mm). As far as defect types are concerned, no significant differ-
ences could be found between an end-to-end suture and a suture
with gap in terms of ultimate load failure, maximum stress and
stiffness.

The results of the pair-by-pair group comparisons for the
parameters tested in the tear-off test including the statistical dif-
ferences between groups with p <0.05 are shown in Table 3. In
all parameters examined, the values of the native control group
differed many times more significantly from those tendons with

Table 2
Significance of the measured value comparisons of the means of maximum force,
maximum tension, and rigidity over the augmentation in the tearing test.

Not augmented Augmented p value
MV £ SD MV + SD
Ultimate load failure [N] 82.30+25.48 135.73 +30.69 p <0.001
Max stress [N/mm?] 2.26 +0.83 413+1.79 p=0.001
Stiffness [N/mm)] 7.25+4.29 9.88 £6.15 -

defects. The results were graphically presented without the native
group in order to focus on the comparison of the reconstruction
modes of the tendon (Fig. 6).

Regarding the ultimate load strength, there is a clear gap
between augmented and non-augmented groups. By placing the
maximum force in relation to the tendon cross-section, the ten-
dons reconstructed in a combination of QuadsTape™ and Bunnell
suture stand out particularly. The maximum stresses of these
two groups (5.44 +0.85MPa and 5.75 +1.12 MPa, respectively)
were up to 200% of the values of the other groups. It also becomes
evident that the mean stiffness value of the augmented and
Bunnell-sutured tendons (groups 5 and 9) with the values of
16.43 £+6.10 N/mm and 11.83 +2.12 N/mm, respectively, clearly
exceeds the values of the other groups.

4. Discussion

After surgical treatment of Achilles tendon rupture, there is a
clear trend towards an early rehabilitation protocol, as early tensile
loads improve the mechanical properties of the Achilles tendon
(Schepull and Aspenberg, 2013). Although the rate of re-rupture
after surgery is relatively low, early loading and rapid rehabilita-
tion go hand in hand with an increased risk of re-rupture, patho-
logical tendon lengthening (Mortensen et al, 1999), plantar
flexion weakness, or decreased passive stiffness during dorsal
extension (Mullaney et al., 2006). Thus, primary stability of the
Achilles tendon repair is the primary goal of surgical reconstruc-
tion and the deciding factor for surgical success (Sadoghi et al.,
2012).

This study compares the mechanical properties of Bunnell or
Kessler reconstructed pig’s Achilles tendons augmented by means
of synthetic polyester tapes (QuadsTape™) with tendons which
were not augmented. Moreover, the investigation was to show
whether the result depended on the type of defect (end-to-end
and “gap”).

4.1. Augmentation

The use of QuadsTape™ as augmentation material initially did
not significantly reduce creep strain, neither in the creep nor in
the cyclic test. Thus, during constant and cyclic loading at 30 N
no influence on defect enlargement nor on possible pathological
tendon lengthening could be determined. However, the augmenta-
tion had an influence on the maximum force and the maximum
strain determined in the tear-off test. Thus, statistically the maxi-
mum force could be significantly increased to 135.73 £ 30.69 N
(p <0.001) compared to non-augmented and suture-only construc-
tions of 82.30+25.48 N, which constituted an increase of 65%.
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Fig. 6. Average comparison of the maximum force, maximum tension, stiffness in the tear test via the groups 2-9.

4.3. Type of defect

In a comparison among all groups, no significant difference was
found in any of the three tests and for any of the parameters stud-

ied. Accordingly, it can be concluded that the type of defect postop-
eratively has no influence on the primary stability of tendon
reconstruction. In comparable biomechanical studies either end-
to-end was used or the type of defect was not specified, so that
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no comparison is possible. Despite the lack of difference as far as
the type of defect is involved, in practice it is more advisable to
perform an end-to-end suture, as this will allow the tendon ends
to be more precisely adapted and to achieve continuity earlier, irre-
spective of the suturing technique.

4.4. Pairwise group comparison

A comparison of the groups with each other provided informa-
tion on the most efficient combination of augmentation method,
suture technique and type of defect in terms of primary stability.
In the tear-off test, considering maximum stress and stiffness,
the Bunnell sutures augmented with QuadsTape™, irrespective of
the type of defect, appear to have the most favorable effect on pri-
mary stability (Groups 5 and 9). Compared to tendon ruptures
(groups 3 and 7) treated with Kessler suture and QuadsTape™ aug-
mentation, the stress of these groups is approximately twice as
high (5.44-5.75 MPa vs. 2.64-2.69 MPa; p < 0.001). Also regarding
stiffness, the tendons provided with QuadsTape™ and Bunnell
show significantly higher values than the tendons treated with
QuadsTape™ and Kessler (11.83-16.43 N/mm vs. 5.31-5.97 N/
mm, p <0.05). Only when comparing the ultimate load failure,
the values are almost identical (128.93-138.47 N vs. 135.28-
140.42 N), which fact in turn might be attributed to the smaller
cross-sectional tendons of the Bunnell group.

4.5. Limitations

It must be emphasized that this study can only assess the
mechanical behavior of the sutures in vitro. Biological factors and
potential adverse reactions associated with using QuadsTape™ dur-
ing the healing process remain to be investigated. Furthermore, it
is a simplified model that cannot really represent the in vivo condi-
tions. This means that additional limitations of this study have to
be considered. First of all, we have to take into account the way
the defect is provided. In this model, clean cuts were made on opti-
cally healthy tendons, while clinical ruptures are more complex
and often a combination of achillo tendinopathy and trauma, and
are rarely caused by laceration (MacLean et al., 2012, Maffulli
et al.,, 2011). In this respect, the absolute values obtained in this
study may overestimate the actual primary stability of tendon
reconstruction. In addition, the defect was apparently placed at
the narrowest point of the tendon, as it was assumed that at this
place there would be the highest risk of rupture under load. How-
ever, rupture localization in vivo also critically depends on the
blood supply within a tendon area (Chen et al., 2009), which may
vary interindividually (Paar et al., 2001), so that the precise place
where a defect is provided might not correspond with certainty
to a defect which may occur clinically. Moreover, although having
properties similar to human tendons (Mao et al., 2011), the Achilles
tendons of pigs which were used do not allow a final statement
concerning human tendons. Besides, the forces used in the creep
and cyclic tests could be significantly different from the actual
forces encountered in postoperative rehabilitation. Finally, there
are no standardized experimental protocols in literature, which
makes it more difficult to compare with the results of other
studies.

5. Conclusion

In this biomechanical model, Quads Tape™ augmented tendon
reconstructions showed higher stiffness and significantly higher
ultimate load failure and maximum stress compared to the non-
augmented group. However, neither in the creep test nor in the
cyclic test, any influence of an augmentation on a pathological ten-

don prolongation could be detected. Thus, from a clinical point of
view, our investigations show that the use of synthetic augmenta-
tion to reduce pathological tendon lengthening would not be
worthwhile as the increased costs are unlikely to result in a
decreased complication rate. However, patients with increased risk
of re-rupture due to high postoperative tractive efforts may benefit
from augmentation. Also patients with existing degeneration of the
tendon, who should get higher primary stability, possibly in order
to avoid tearing-off or dehiscence in case of flush suture and poor
tendon material, could benefit in this case. Further research is
needed to formulate detailed indications for using QuadsTape™. It
is recommended to perform a tendon suture with the Bunnell tech-
nique irrespective of the type of defect since this suturing tech-
nique has the most favorable influence on the primary stability
and came closest to the values of the native control group.
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