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Abstract

Background: Open and percutaneous repair surgeries are widely used for the Achilles tendon rupture. However, prior
biomechanic studies of these 2 approaches have mixed conclusions; therefore, we designed a cadaver and finite element
(FE) model biomechanical study to compare the mechanical differences between the percutaneous Achilles repair system
(PARS) and Krackow open repair under tensile load and rotation.

Methods: Sixteen Achilles tendons were extracted from fresh-frozen cadaver ankles and the calcaneums were fixed in
mortar. A force control dynamic tensile mechanical test was performed at | Hz with 30- and 100-N cyclic loads. Initial
intact baseline testing was followed by an incision on all Achilles tendons, 4 cm from the calcaneus insertion, which were
then repaired using the PARS (n = 8) or Krackow (n = 8) method. Recorded force-displacement values were used to
calculate mechanical parameters, and statistical significance of differences was determined by unpaired (between repair
techniques) and paired (intact vs repaired) t tests. Material properties of the Achilles tendon in the FE model were
modified and a 10-Nm flexion was simulated for intact and surgical groups.

Results: No differences were found between intact tendons assigned to PARS or Krackow repairs in Young’s
modulus (P = .582) and stiffness (P = .323). Pre- and postoperative Young’s modulus was significantly decreased
for both groups (Intact 230.60=100.76 MPa vs PARS 142.44+37.37 MPa, P < .012; Intact 207.46+81.12 MPa
vs Krackow109.43+27.63 MPa, P < .002). Stiffness decreased significantly after surgery for both groups (Intact
25.33+10.89 N/mm vs PARS 6.51+1.68 N/mm, P < .003; Intact 20.30+8.65 N/mm vs Krackow 5.97%+1.30 N/
mm, P < .003). PARS ultimate tensile strength was significantly higher than the Krackow (PARS 280.29+47.32 N
vs Krackow 196.97+54.28 N, P < .003) but not significantly different in the ultimate tensile strain. PARS had a
significantly lower postoperative gap compared to Krackow (PARS 9.75%+5.87 mm vs Krackow 25.19£7.72 mm, P <
.001). FE analysis predicted an increased talocalcaneal contact pressure, maximum principal stress, and rotation in
the Krackow vs PARS models, respectively.

Conclusion: Biomechanical parameters observed in this study through mechanical testing and FE analysis favor the
selection of PARS over the Krackow repair based on better strength, higher failure force, and lower gap generation.
Clinical Relevance: The study has analyzed two Achilles tendon repair methods using cadaver and numerical estimation
and may help clinicians gain insight into selection of tendon repair approaches to generate better clinical outcomes.

Keywords: Achilles tendon, percutaneous tendon repair, Krackow repair, ankle finite element analysis, tendon
biomechanics
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Introduction

Acute rupture of the Achilles tendon is one of the most
commonly reported tendon injuries in the United States
with an incidence of 2.1 per 100000 people per year,?® the
highest incidence in males aged 20-39 years (5.6/100000)
and a rising incidence in patients 40-59 years old.?!' Injury
to the Achilles tendon can lead to severe functional impair-
ment and decreased quality of life. Numerous treatment
methods have emerged over the last several decades in an
effort to restore patients to their previous activities and
avoid future disability. Despite a vast body of literature
describing these methods, the ideal treatment for these inju-
ries remains controversial.

Surgical repair of the Achilles tendon rupture can be
performed in an open or percutaneous fashion. The most
frequently described open techniques include the Krackow,
Bunnell, and Kessler techniques®!#1325:27:3233 with mixed
biomechanical results reported when comparing these
techniques.?’2 McCoy et al?’ concluded that the ultimate
strength of the repair is based on the number of core suture
strands crossing the repair site, not necessarily the pattern
of the suture. The percutaneous repair technique was first
described by Ma and Griffith in 1977?* with numerous
percutaneous repair techniques subsequently developed,
including the Achillon, percutaneous Achilles repair sys-
tem (PARS), and Tenolig system. Some biomechanical
and clinical studies have demonstrated inferior results for
percutaneous repair when compared to open tech-
niques,'>° whereas recent studies have shown that percu-
taneous techniques may provide equivalent or superior
outcomes to open techniques.®!'* Evidence for the optimal
treatment of acute Achilles tendon ruptures is conflicting
both from an open and percutaneous perspective; how-
ever, as surgical techniques have evolved over the past
few decades, there seems to be a shift in favor of percuta-
neous over open repair.!”33

Young’s modulus and stiffness of the tissues are impor-
tant measures and data of the health of an Achilles tendon
and strength of the repair.>'® Calculating the material- and
geometry-related properties of an Achilles tendon pre- and
postrepair in conjunction with numerical predictions from
finite element analysis (FEA) may provide insights for
clinical procedure. To the authors’ knowledge, this is the
only biomechanical study specifically comparing the
Krackow open repair technique with the PARS technique

using both cadaver measurements and FEA. FEA creates
numerical predictions of biomechanical parameters within
ankle joint space rotational loads and simulated tendon
repairs that complement the cadaver-based biomechanical
observations. Thus, the objective of this study is to provide
concrete biomechanical data under physiological force and
rotation loads for two of the most commonly used repair
techniques to better inform clinical decisions and optimize
patient outcomes.

Material and Methods
Cadaver Achilles Tendon

Patient demographics. Sixteen fresh-frozen cadaver ankles
were used for Achilles tendon extraction. The samples were
randomized into 2 different groups for surgical repair. The
average ages were 68.50 and 69.00 years, the average
weight was 71.44 and 78.36 kg, the average height was
173.36 and 173.69 cm, and BMI was 23.50 and 26.13 for
PARS and Krackow groups, respectively. Mann-Whitney
tests were performed on the patient data for the age, height,
weight, and BMI to ensure that the groups were properly
balanced and no significant differences were identified.
(Supplementary Tables Sla and S1b).

Sample preparation. The Achilles tendons were extracted
from the cadavers by transecting them at the origin of the gas-
trocnemius muscle and creating a coronal bone cut through
the calcaneus approximately 2 inches anterior to the Achilles
tendon insertion. The tendons were cleaned and adipose tis-
sues were removed. The calcaneus bone segment was potted
in a plastic mold and filled with mortar (Rapid Set Mortar
Mix). Two Kirschner wires were transversally inserted to pin
the bone in place and prevent slippage during loading. A
machine screw was perpendicularly fixed at the bottom of the
mold to attach to the mechanical testing system.

Loading procedure. A hydraulic, benchtop mechanical test-
ing system (MTS 858 mini Bionix-II) was used in load
control mode to replicate quasi-linear conditions and
physical therapy exercises that are performed directly
after the Achilles tendon surgery.®3%32 The top of the ten-
don was secured in a custom clamp attached to the linear
variable differential transformer (LVDT). The calcaneus
potted end of the tendon was fixed to a 5000-N load cell.
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Figure |. Mechanical testing setup with a custom-designed jig to hold the upper portion of the Achilles tendon. Calcaneus bone
segment was fixed in mortar and attached to a load cell via a screw. (A) Percutaneous Achilles repair system (PARS) and (B) Krackow
repaired tendons are shown here while under a tensile load of 100 N.

Tendons were periodically doused with saline during the
duration of the loading to prevent drying. The cross-sec-
tional area was measured at 4 and 9 cm from calcaneus
insertion assuming a rectangular shape, and the smaller of
the 2 measurements were recorded for use for stress-strain
analysis. The following loading profiles were applied on
the samples: (1) preload of 25 N for 5 minutes, (2) 5 to 30
N at 1 Hz for 30 cycles to precondition the tendons, (3) a
ramp load to 100 N in 1 second, and (4) 25 to 100 N at 1
Hz for 500 cycles.

Surgical procedure. After initial intact testing, all Achilles
tendon specimens were transected 4 cm proximal to the cal-
caneus insertion point. Subsequently, the tendons under-
went surgical repair using either PARS or the Krackow
method (Figure 1). The Krackow repair was created using a
no. 2 FiberWire. We began in the portion of the tendon
proximal to the repair site. The suture was introduced intra-
substance at the repair site, and 5 running/locking loops
were advanced through the tendon away from the repair
site. The suture was then passed to the opposite side of the
tendon, and 5 more running/locking loops were advanced
back toward the repair site. This was repeated with another
single no. 2 FiberWire suture in the portion of the tendon
distal to the repair site. The sutures crossing the repair site
were then tied together using 5 throws of a surgeon’s knot.
This configuration resulted in a total of 2 core strands tra-
versing the repair site.

The PARS repair was created using the Arthrex PARS jig
(Arthrex) using a set of color-coded sutures with 2 looped
no. 2 FiberWire sutures as passing suture for the locking
stitch and 3 SutureTape sutures as the repair sutures. We
began with the portion of the tendon proximal to the repair
site. The repair and passing sutures were passed through the
jig in the standard, stepwise fashion. All sutures were then
pulled down to the repair site using the jig. The 2 looped
FiberWire passing sutures were used to lock the second
(middle) SutureTape in the tendon, leaving a total of 6 core
strands, 2 locking and 4 nonlocking. This sequence was
repeated on the portion of the tendon distal to the repair site.
Finally, all 6 core strands were tied together using 5 throws
of a surgeon’s knot.*?

The mechanical testing loading profile was then repeated
with the addition of a 1-mm/s ramp displacement until ulti-
mate failure as a final step. In addition, gapping was mea-
sured after 100 and 400 cycles for the postoperative groups,
and a gap of more than 5 mm was considered a clinical fail-
ure; however, the tests were not stopped because of exces-

sive gapping.

Data analysis and statistics. The force and displacement
were measured from the mechanical tests at a sampling of
0.1 s. Stress, strain, and Young’s modulus were determined
from test values using a script written in MATLAB (Math-
works). Young’s modulus was determined by linear curve
fitting of stress-strain during the linear ramp loading to
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Figure 2. The complete finite element model with the bones
of the ankle and the Achilles tendon. All tissues are modeled as
hexahedral elements, except ligaments that are depicted as truss
(wire) elements.

100 N. The ultimate tensile strain (%) and ultimate tensile
stress (N/mm?) were calculated from force and displace-
ment data. The strain energy density was calculated as the
area under the stress-strain curve. Paired (intact vs surgical
groups) and unpaired (surgical group 1 vs group 2) Student
t tests were used to compare groups, and values of P <.05
were considered statistically significant.

Finite Element Model Development

Model development. Ankle joint 3-dimensional bones
geometry was obtained from a female patient computed
tomography (CT) scan (Visible Human Project, Univer-
sity of lowa, and National Institutes of Health) using
image processing software MIMICS (Materialise). The
Achilles tendon geometry was obtained from MRI scans
(IRB exempt, sham and masked). Distal tibia and fibula,
talus, calcaneus, navicular, cuboid, and cuneiform bones,
and Achilles tendon were masked separately and meshed
using IA-FEMesh (MIMX, University of lowa) as 8-node
hexahedral elements (Supplementary Table S6). Cartilage
layers of approximately 1 mm were added to the tibia,
fibula, talus, and calcaneus joint surfaces to create talo-
fibular, talotibial, and talocalcaneal contacts.!” Eight liga-
ments were added using linear truss elements in Abaqus
(v2016; Dassault Systemes) to represent posterior tibio-
fibular, anterior tibiofibular, calcaneofibular, and deltoid
ligaments. The cross-sectional area for each element of the
posterior tibiofibular, anterior tibiofibular, and other liga-
ments were 13, 22.98, and 110.3 mm?, respectively.®!2232829
The interosseous membrane was modeled using truss wire
elements with a cross-sectional area of 20 mm?. The com-
plete FE model is represented in Figure 2.

Table |. Material properties for the intact and surgically
repaired Achilles tendons.

Achilles Tendon Case  Young’s Modulus (MPa) Poisson Ratio

Intact 208 0.4
PARS 142 0.4
Krackow 109 0.4

Abbreviation: PARS, percutaneous Achilles repair system.

Material properties. All structures, except cartilage, were
modeled as isotropic linear elastic materials. Cartilage tis-
sue was modeled as neo-Hookean hyperelastic and visco-
elastic material.’> Supplementary Tables S7a and S7b list
material properties for all tissues except the Achilles ten-
don. The material properties of the Achilles tendon were
determined through the above-mentioned mechanical test-
ing and curve fitting the linear region of the stress-strain
curve after preconditioning (Table 1). Linear elastic materi-
als were assigned Young’s modulus and Poisson ratio,
which is a measure of tissue contraction under stretching or
tissue expansion under compression.

Loading and boundary conditions. Surface-to-surface con-
tacts were created for each of the cartilage joint surfaces
between the bones (Supplementary Table S3). Small slid-
ing was selected for all joints, except between the tibia-
talus and fibula-tibia, which were modeled as finite sliding
to avoid slippage and overclosure. The ligaments were
attached to the appropriate body through a tie constraint.
The model was validated under 600 N compressive load by
comparing peak maximum contact stress and under 490 N
compressive load by comparing contact area and location
at talotibial joint surfaces, against published values from 2
studies.?’” The loads were distributed 1:5 to the fibula and
tibia, respectively, as an axial force applied on top of the
segments. The distal surface of the cuneiforms and cuboid,
as well as the bottom edge of the calcaneus, were fixed in
all directions simulating a planted foot on a flat surface.
The outer nodes of the tibia and fibula were fixed in the
coronal and sagittal axis, relative to the loading axis. A
10-Nm pure moment was applied on the top of the tibia,
fibula, and Achilles tendon segments to simulate ankle
flexion. Analysis was repeated by changing Young’s modu-
lus of Achilles tendon corresponding to PARS and Krackow
repairs.

Results

Cadaver Mechanical Test

Force, displacement, cross-sectional area, and length mea-
surements were obtained from the tensile mechanical
testing of the Achilles tendons to calculate mechanical
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Figure 3. Mechanical parameters calculated from tensile loading of the cadaver Achilles tendon. (A) Young’s modulus; (B) stiffness;
(C) ultimate tensile strength; (D) ultimate tensile strain; (E) gap between the Achilles tendon sutured segments after 400 cycles; and
(F) strain energy density. (A)-(D) and (F) were determined from force, displacement, cross-sectional area, and length measurements of

the Achilles tendon.

parameters for comparison between groups (Figure 3 and
Supplementary Table S2). There were no significant differ-
ences in Young’s modulus (P = .582) and stiffness (P =
.323) between the 2 preoperative intact groups. A significant
difference in pre- and postoperative Young’s modulus was
found for both groups. The average preoperative Young’s
modulus for PARS group was 230.60%100.76 MPa for intact
tendon, which decreased to 142.44+37.37 MPa postopera-
tively (P < .012). Similarly, the preoperative Young’s modu-
lus for the intact Krackow group was 207.46+81.12 MPa,
which decreased to 109.43+27.63 MPa postoperation (P <
.002). Additionally, there was a significant difference between
both postoperative groups (P < .021). The average stiffness
for preoperative PARS and Krackow groups was25.33+10.89
and 20.30*=8.65 N/mm (P = .323 between preoperative
groups), respectively, which decreased postoperative to
6.51+1.68 N/mm (P < .003) and 5.97+1.30 N/mm (P <
.003), respectively, for PARS and Krackow groups.
Postoperatively, there was no significant difference between
the stiffness of both groups (P = .485).

The ultimate tensile strength (UTS) for the PARS group
was 280.29+47.32 N, which was significantly higher than

196.97=54.28 N for the Krackow group (P < .003). The
ultimate tensile strain was 31.55%7.54 and 31.42*+10.05
for postoperative PARS and Krackow groups, respectively,
and was not significantly different (P = .977). The method
of failure was observed to be different for PARS and
Krackow groups: PARS failure occurred predominantly as
suture ripping out from the tissue, whereas Krackow failure
was the breaking of at least 1 suture. The gapping length
was significantly lower (P < .001) after 400 cycles for the
PARS group (9.75£5.87 mm) compared to the Krackow
group (25.19%7.72 mm). Moreover, strain energy density
when ramping the load from 25 to 100 N was found to
be different between the postoperative groups but without
statistical significance (P = .056): 0.409*+0.108 vs
0.254%£0.137 MPa for PARS and Krackow, respectively.

Finite Element Model Validation

Figure 4 shows a 2-dimensional von Mises stress contour
plot under a 600-N axial force. Tibial cartilage computed
values ranged between 1.02 and 3.34 MPa, whereas talar
cartilage estimated stress values ranged between 0.85 and
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Figure 4. Estimated von Mises stress on the tibiotalar cartilage for superior side of talus (left) and inferior side tibia (right) under a

600 N load.
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Figure 5. Contact area made by surface nodes of the tibiotalar and fibulotalar joints under 490 N compressive force. Maximum

predicted contact area in the tibiotalar joint was 0.728 mm?.

3.46 MPa, which aligned with the reported valves from
Anderson et al (1.5-4 MPa).? Maximum stress concentra-
tions were skewed medially for both talus and tibia, and a
maximum point was located in the medial posterior corner
on the tibial cartilage. Predicted stress distribution agreed
with published cadaver studies, which reported tibiotalar
contact stress values between 1.4 and 4.0 MPa.? Figure 5
represents a 2-dimensional contact area plot under the
490-N axial force. The stress was concentrated on the
medial side and on the superior side of the talotibial carti-
lage with a range of 0.34 to 4.10 MPa; this distribution was
similar to the one reported by Calhoun et al’ in their ankle
joint cadaver test under the same load.

Mechanical Parameter Prediction Under
Rotational Load

Under the 10-Nm flexion moment, the ankle joint rotated
with the distal calcaneus region fixed. The healthy ankle

joint rotated by 2.57 degrees, which increased to 2.84 and
3.02 degrees for PARS and Krackow simulated surgical
models, respectively. Achilles tendon maximum principal
stress under flexion was predicted (Supplementary Table
S4) as 3.05 MPa for the healthy, which increased to 3.18
and 3.36 MPa for PARS and Krackow models, respec-
tively. Similarly, the maximum principal stress in the cal-
caneus was 2.71 MPa for the healthy case, which increased
to 2.97 and 3.10 MPa for PARS and Krackow models,
respectively. Lastly, talus maximum principal stress was
predicted as 1.70 MPa for the healthy, which increased to
1.73 and 1.74 MPa for PARS and Krackow, respectively.
The maximum principal strain on the Achilles tendon was
predicted to be 0.013 for the healthy case, which increased
t0 0.0197 and 0.0258 for PARS and Krackow, respectively.
Tibial distal cartilage surface in contact with talus had
maximum predicted contact pressure (Supplementary
Table S5) of 1.59, 1.61, and 1.60 MPa for the healthy,
PARS, and Krackow cases, respectively. Talus proximal
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cartilage surface in contact with tibial had predicted maxi-
mum contact pressure of 1.31, 1.33, and 1.33 MPa for the
healthy, PARS, and Krackow cases, respectively. Talus dis-
tal cartilage surface in contact with calcaneus had predicted
maximum contact pressure of 1.76, 1.78, and 1.80 MPa for
the healthy, PARS, and Krackow cases, respectively.
Calcaneus cartilage proximal surface in contact with the
talus had predicted maximum contact pressure of 1.62,
1.64, and 1.66 MPa for the healthy, PARS, and Krackow
cases, respectively.

Discussion

The principal goal of this study was to evaluate and com-
pare 2 of the most commonly used techniques for repair-
ing Achilles tendon ruptures: the PARS percutaneous
technique and the open Krackow repair. PARS repair has
been reported to have a low rate of complications,
improved cosmetic appearance,”> higher American
Orthopaedic Foot & Ankle Society (AOFAS) ankle-hind-
foot score, decreased operation time,** and faster recovery
times'' when compared to open repair techniques. One of
the primary outcome measures of the cadaver study was
the gapping at the repair site. We noted a significant
decrease in repair gapping for the minimally invasive
PARS compared to the Krackow open surgery at both the
100th cycle (2.6 and 4.8 mm, respectively) and 400th
cycle (9.8 and 25.2 mm, respectively). Repair gapping can
have detrimental effects on strength and function follow-
ing surgery.”® Open Krackow repair, although known to
have excellent pullout resistance, has been shown to have
decreased resistance to gap formation.* Some prior studies
evaluating gap formation have used a surrogate marker
with initial linear stiffness.'®!* Contrary to these studies,
we presume direct measurement to be a more accurate
assessment of repair site gapping. To the authors’ knowl-
edge, there is only 1 existing biomechanical study to date
to directly measure tendon gapping without the use of a
surrogate.” These authors demonstrated significantly
lower early elongation with open repair as opposed to var-
ious percutaneous techniques. Our study directly mea-
sured gap formation without using a surrogate marker and
provides contrasting data to the study by Clanton et al,’
suggesting that the PARS technique has a higher resis-
tance to gap formation than open repair. Techniques such
as epitendinous suture, gift-box technique, and double
suture weave have been shown to decrease tendon gapping
with open repair."?* However, controlled clinical studies
need to be performed to verify the clinical significance of
these differences and determine whether the suggested
modifications can provide superior gap resistance to per-
cutaneous techniques.

Mechanical strength of the repair was another primary
outcome of the cadaver mechanical testing, which was mea-
sured as an increased load to failure for the PARS compared
to the Krackow (280.29 and 196.97 N, respectively). Tensile
strength is of particular importance to the quality of the
repair and the subsequent ability of the tendon to heal in the
postoperative period. Heitman et al'* used the percutaneous
Achillon system and, similar to our results, found higher
load to failure and work to failure for percutaneous repair
over the open Krackow technique. Moreover, they found
that the predominant method of repair failure was suture
break for Krackow open repair and suture tearing through
the tissue for percutaneous repair, which are consistent with
our observations. Similarly, Huffard et al'® found increased
load to failure (276 and 342 N) when comparing the
Krackow and Achillon methods, respectively. Akizuki et al
described the forces on the Achilles tendon to range from
191 N (immobilized 1-inch heel lift) to 555 N (walking)
under 4 different walking conditions during postoperative
rehabilitation.! Based on the published force values, PARS
repair should remain intact under low force activities during
the rehabilitation process, whereas Krackow repair would
likely rupture under even low force activity of heel lift.!
However, these differences in UTS are not consistent with
some previously published biomechanical studies.”!”
Clanton et al’ compared 4 variations of Achilles repair sur-
geries: open repair, the Achillon System, the PARS System,
and an Achilles Midsubstance SpeedBridge. They reported
no significant difference in the UTS of repair between the
open and percutaneous methods. However, they did not pre-
condition the tendons at the start of the in vitro mechanical
test that is often used as a way to mimic warmup exercises
patients would endure prior to engaging in physical
therapy.'> In addition, preconditioning allows for the soft
tissues being studied to achieve a steady state prior to bio-
mechanical testing® and standardizes the comparison
between the different specimens because of the visco-
hyperelastic nature of tendons.'® Dekker et al'® found that
the Krackow method exhibited a significantly increased ini-
tial stiffness over the PARS method and no significant dif-
ference in the average load and failure between the 2
methods. However, despite their results, they concluded
that the PARS system should be favored due to the compa-
rable biomechanics and limited damage to surrounding soft
tissue. Moreover, they found the locations of repair failure
to align with Heitman et al'* and our study, with Krackow
failing at the sutures and PARS failing at the tissue suture
interface. We believe regardless of the inconsistency in bio-
mechanical findings in previous literature comparing mini-
mally invasive and open repairs that our results could
indicate that the minimally invasive PARS technique pro-
vides a biomechanical environment that may translate to
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improved short- and long-term clinical outcomes. This con-
clusion is strengthened by the results of our finite element
simulations.

Young’s modulus is the intrinsic material property
that is determined by the stress over strain in a unidirec-
tional load and is independent of specimen geometry.
Stiffness depends on the geometry of the specimen, its
shape, and the boundary conditions of the loading pro-
file. Because of our uniaxial loading conditions, the stiff-
ness is directly proportional to the Young’s modulus of
the tendon. Young’s modulus and stiffness are important
measures of the health of an Achilles tendon and strength
of the repair®!®2° and was another primary outcome of
our testing. Kawakami et al'® reported a positive correla-
tion between the Achilles tendon stiffness and ankle
plantar flexion torque and concluded that 70% of ankle
joint torque is due to variations in the Achilles tendon
stiffness. Additionally, their study found a correlation
between the Achilles tendon stiffness and foot plantar
pressure, which indicated that the tendon stiffness plays
a role in the force transmission through the ankle to the
foot. A decrease in the Achilles tendon stiffness is also
shown to shorten muscle fascicles, which creates a
change in gait and biomechanics of the ankle.? Our study
found that the PARS group has higher postrepair Young’s
modulus compared to the Krackow group. Based on the
above-mentioned studies, our results suggest that the
PARS repair would have favorable clinical outcome
compared to Krackow repair.

When a 10-Nm flexion moment was applied to the
intact, Krackow, and PARS models, the maximum pre-
dicted principal stress on the Achilles tendon, calcaneus,
and talus increased in the Krackow compared to PARS
based models. Similarly, the maximum tensile strain on the
Achilles tendon, contact pressure at the talocalcaneal joint,
and degrees of rotation were elevated for the Krackow
compared to the PARS model. Sun et al*' found an increased
ankle dorsiflexion angle, increased loading rate, and
decreased knee flexion 18-24 months after surgical repair
of Achilles tendon rupture, with the most likely reason
being the tendon elongation. These findings correspond
with variations in gait, ankle torque, and plantar pressure
due to decreased stiffness of the Achilles tendon and agrees
with our FEA-predicted increased maximum stresses and
degrees of rotation. Moreover, the location and changes of
the stresses and pressure on the cartilage in the tibiotalar
joint point to a differing force translation and distribution.
This suggests that PARS repair may be more resistant to
long-term Achilles tendon elongation and the biomechani-
cal effects of decreased stiffness. The authors conclude that
this change in gait can lead to an increased risk of injury,

namely, tibial stress fractures, and ankle sprain long after
postoperative rehabilitation.

The current study has some limitations in the design and
subsequent experiments. The cadaver study used tendon
samples from White donors only, and all but 1 were male.
There is a known difference in the material properties of the
Achilles tendon between females and males; however,
Achilles tendon ruptures are more common in males.
Additionally, the open Krackow and PARS repairs were
performed using direct visualization in the entire Achilles
tendon. This introduces the benefit of seeing directly where
the sutures are passing through the tendon in the PARS
technique. The surgeries were performed as a time zero
repair with the tendon tears induced as clean transections
that do not exactly mimic the often-frayed edges of torn
tendon seen clinically. Additionally, the average age of the
donor tendons in this study was 66 years, whereas the aver-
age age group for Achilles tendon ruptures is 40-49 years.
The cadaver test was performed without any surrounding
soft tissues and, therefore, does not exactly represent the
actual in vivo surgical environment. The knots from PARS
repair are not always directly on the tendon, which can
cause them to loosen in actual practice. The FE model was
based on a geometry of a female lower extremity and foot,
whereas the Achilles tendon geometry was obtained from
one of the male cadaver ankles. FEA used a single source of
ankle and foot geometry to perform the biomechanical esti-
mation analysis, which requires setting up of a future
cadaver or clinical study to determine the biomechanical
effects on the ankle joint after the Achilles tendon repair
under compressive and rotational loads. Finally, the FE
model only simulated flexion motion, which can be
enhanced in future studies with adduction and abduction
motions with in vitro and clinical validation.

In conclusion, the results of this study provide biome-
chanical data to assist in the management of Achilles tendon
tears with different approaches to treatment. The ability to
apply data to this decision, such as tendon gapping, UTS,
increased stresses, and rotations in the joints of the ankle,
will better inform those involved in the decision-making
process. Ultimately, the decision to perform surgery and
which technique to implement may be dictated by the sur-
geon level of comfort and experience and patient preference.
The findings of this study can be further enhanced in future
researches, such as a randomized controlled trial comparing
the open Krackow technique to PARS repair, postoperative
strain, and gap analysis using image processing on the video
footage, and performing extensive FE analysis to determine
the localization of stress and strain in the tissues of the ankle
joint, which will help in better understanding the effective-
ness and limitations of these procedures.
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Supplementary Table la. Patient demographics of PARS group.

Ankle Age Race Sex Height(cm) Weight(kg) BMI
R 69 C M 182.9 99.8 30
L 53 C M 182.9 72.6 22
L 70 C F 154.9 36.3 15
R 72 C M 165.1 56.7 21
L 68 C M 167.6 77.1 27
L 71 C M 182.9 77.1 23
R 69 C M 182.9 79.4 24
L 76 C M 167.6 72.6 26

Supplementary Table Ib. Patient demographics of Krackow group.

Ankle Age Race Sex Height(cm) Weight(kg) BMI
L 68 C M 172.7 103.4 35
L 8l (@ M 177.8 80.7 26
R 53 C M 182.9 72.6 22
L 72 C M 165.1 56.7 21
R 68 C M 167.6 77.1 27
R 71 C M 182.9 77.1 23
L 69 C M 182.9 79.4 24
R 69 C M 167.6 72.6 26

Supplementary Table 2. Comparison of results between PARS and Krackow groups.

Parameter PARS Krackow
Ultimate Tensile Strain (%) 31.55 31.42
Ultimate Tensile Strength (N)** 280.29 196.97
Young's Modulus (MPa)** 142.44 109.43
Stiffness (N/mm) 6.51 5.97
Gapping (100c)(mm)** 2.56 4.78
Gapping (400c)(mm)** 9.75 25.19
Parameter Intact Group | Intact Group 2
Young’s Modulus (MPa) 230.60 207.15
Stiffness (N/mm) 25.33 20.30
P value Between Intact and Surgical Group Young’s Modulus = 0.020 Young’s Modulus = 0.001
Stiffness = 0.003 Stiffness = 0.002

P value < 0.05 between groups.

Supplementary Table 3. Interaction Properties for Surface to Surface Contacts

Bodies Friction Coefficient PO (MPa) d0 (mm) Clearance (mm)
Tibia-Talus 0.02 6 0.4 -
Fibula-Tibia 0.02 4 0.4 -
Talus-Anterior Calcaneus 0.02 10 2 3
Talus-Posterior Calcaneus 0.02 10 2 2

Talus- Navicular 0.02 10 0.5 0.495
Navicular- Cuneiforms 0.02 10 | 0.95

Calcaneus- Cuboid 0.02 10 2.2 2.15
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Supplementary Table 4. Predicted maximum principal stress in the tissues of Achilles tendon, Calcaneus, and Talus under 10 Nm

flexion moment.

Maximum Principal Stress (MPa) Achilles Tendon Calcaneus Talus
Intact 3.05 2.71 1.70
PARS 3.18 2.97 1.73
Krakow 3.36 3.10 1.74

Supplementary Table 5. Predicted maximum contact pressure in the tibio-talar and talo-calcaneus joints under 10 Nm flexion

moment.

Tibial Distal Talar Proximal Talus Distal Calcaneus Proximal
Maximum Contact Pressure (MPa) Surface Surface Surface Surface
Intact 1.59 1.31 1.76 1.62
PARS 1.6l 1.33 1.78 1.64
Krakow 1.60 1.33 1.80 1.66

Supplementary Table 6. Finite element mesh details for
each tissue of the ankle joint bones, ligaments, and tendon.

Average Number of
Tissue Area (mm?) elements
Tibia 08x 1.5 164691
Fibula 1.8 x 3.1 33200
Talus 1.9x23 4227
Calcaneus 1.9 x 2.6 6400
Navicular 1.5x2.0 2000
Cuneiforms 1.3x 1.9 5592
Cuboid 20x28 1280
Achilles Tendon 3600
Ligaments NA 42
Interosseous Membrane NA 4

Supplementary Table 7a. Material properties of isotropic,
linear elastic tissues.

Young’s Poisson’s
Tissue Modulus (MPa) Ratio
Cortical Bone 12000 0.3
Trabecular Bone 800 0.3
Interosseous Membrane 260 0.4
Anterior Talo-fibular Ligament 255.5 0.49
Posterior Talo-fibular Ligament 216.5 0.49
Other Ligaments 250 0.49

Supplementary Table 7b. Material properties for the cartilage.

Hyperelastic

Clo DI

0.176 0.96

Viscoelastic

G, Prony K, Prony T, Prony
0.73 0 10
0.03 0 100
0.232 0 1000
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