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Purpose: The purpose of the present study was to examine the degree of stretching (%) that is
applied to each of the tendon fiber bundles that compose the Achilles tendon (AT) by twist type
when the calcaneus is pronated or supinated.
Methods: Three AT twist types (least, moderate, extreme twists), one for each type were
investigated. Using the MicroScribe system, the AT and the calcaneal tuberosity were digitized to
reconstruct three-dimensional models. Using this system, the calcaneus rotations in the pronation
(20°) and supination (20°) directions were simulated, and the degrees of stretching (%) of each
tendon were calculated.
Results: For all twist types, when the calcaneus was pronated, the medial head of the gastrocnemius
(MG) and lateral head of the gastrocnemius (LG) shortened and the soleus muscle (Sol) stretched,
and when supinated, MG and LG stretched and Sol shortened. In particular, severe twist type had
the largest degree of stretching of Sol when the calcaneus was pronated (Type I: 1.7% ± 3.4%, Type
II: 2.4% ± 1.4%, Type III: 3.7% ± 6.0%), and furthermore, each tendon fiber composing Sol had
different degrees of stretching.
Conclusions: The study results suggest that the degree of stretching applied within the AT with
calcaneus pronation is not constant, and that, especially in Type III twists, the risk of developing AT
disorders may increase.
Keywords: three-dimensional models, twisted structure, Achilles tendon disorder
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chilles tendon (AT) disorders are a type of
typical skeletal muscle overuse syndrome and
are known to affect activities of daily living,
work, and sports activity of an individual [1]. The
incidence of AT disorders is 8-15% in recreational
runners [2, 3] and approximately 24% in athletes [4],
indicating a high incidence among disorders of the
lower leg.

These disorders typically appear 2-6 cm proximal to the
site where the AT attaches to the calcaneus [5, 6], and
they are known to occur more commonly on the medial
side than the lateral side [1, 7]. The reasons for the high
prevalence at this specific site are that the area 2-6 cm
proximal has a poor blood supply [8-10], and that the
cross-sectional area of the AT is small [11, 12].
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Therefore, a strong stress onto an area with a small AT
cross-sectional area and poor blood supply is
considered to be one of the causes for the development
of AT disorders. However, the mechanism of onset is
not thoroughly understood. This is most likely why the
incidence of AT disorders is very high [2-4] and why
preventive methods are not well-established [1].

The purpose of this study was to investigate the degrees
of stretching applied to each of the tendon fiber
bundles of MG, LG, and Sol that compose the AT
when the calcaneus is rotated, focusing on the
differences among twist types.

Recently through previous studies, non-uniform strain
in the AT has become a focus as a mechanistic factor in
the development of AT disorders. Previous studies have
shown that, with passive movements of the ankle and
contraction of the triceps surae, different strains arise at
each fascia that form the triceps surae, including the
AT, in human subjects [13-15] and in cadavers [16-18].
In the more recent past, a study in fresh cadavers [19]
focused on the twisted structure of the AT as a factor
for non-uniform strain in the AT. Since patients with
AT disorders have excessive pronation of the rearfoot
in midstance during walking [20], it has been postulated
that a strong load applied to a condition where AT twist
is loosened may be the mechanism for the development
of non-uniform strain in the AT. Additionally, Clement
et al [21] postulated that the development of a
“whipping action” at the AT due to excessive pronation
of the foot may be the mechanism for the onset of AT
disorders or AT rupture. However, the limitation of
these reports is that they did not account for the extent
of twisting.

Cadavers: Three legs from three Japanese male
cadavers (mean age: 83 ± 18 years old, left side) that
had been switched to alcohol after placement in 10%
formalin were used in this study. This study was
approved by the Ethics Committee of our university.

There are numerous studies from the past several
decades concerning the twisted structure of the AT.
Several studies have unanimously reported that ATs are
composed of an insertion tendon where the medial
head of the gastrocnemius (MG), lateral head of the
gastrocnemius (LG), and the soleus muscle (Sol) insert,
exhibit twisted structures, and are all twisted in the
lateral direction without exception [1, 22-27]. While a
consensus has yet to be reached in terms of the extent
of twisting, we previously classified the extent of
twisting into three types: Type I (least), Type II
(moderate), and Type III (extreme) [26]. From this
particular study, we postulated that the extent of
twisting may greatly affect the strain applied to each
fiber bundle that composes the AT.

Material and methods

Methods: AT dissection was conducted referring to a
procedure reported previously [27]. First, from the
facies posterior cruris, skin, subcutaneous tissue, and
crural fascia were removed, and the triceps surae was
extracted along with a portion of the calcaneus. Next,
the AT fiber bundle attached to the muscle belly of MG
and LG and the AT fiber bundle attached to the Sol
muscle belly were separated. Since these fiber bundles
are extremely strongly fused to each other, the fiber
bundles were separated with care. Next, the connective
tissue surrounding the AT was removed carefully, and
the AT fiber bundle attached to the muscle belly of MG
and LG was separated. Although these AT fiber
bundles are strongly fused, by following the path of a
relatively thick tendon fiber that represents each of
these tendon fiber bundles, the border between them
could be identified for separation. Furthermore, each
fiber bundle was finely separated into 3 to 4-mm
tendon fibers. In general, MG was separated into 4-9
tendon fibers, LG was separated into 3-9 fibers, and Sol
was separated into 10-14 fibers (Figure 1).
Subsequently, each leg was defined as Type I (least),
Type II (moderate), or Type III (extreme), one leg for
each type, based on a classification determined in a
previous study [27].
In the next step, the collected triceps surae muscle
specimens were firmly fixed to the table such that they
did not move, and a 3D Digitizer MicroScribe system
(G2X-SYS, Revware, NC, USA) was used to create a
three-dimensional reconstruction by digitizing the
furthest distal end of the muscle-tendon junction of
MG, LG, and Sol and the calcaneal tuberosity insertion
site. Rhinoceros 3D software (McNeel, Seattle, WA)
was used for three-dimensional construction (Figure 2).
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Figure 1 The methods of fine dissection of each fiber
bundle, the left Achilles tendon, posterior view.
L, lateral; M, medial; LG, fascicle from the lateral head of
the gastrocnemius; MG, fascicle from the medial head of
the gastrocnemius; Sol, fascicle from the soleus muscle.

Finally, the midpoint of the 4 points on the lateral side
of the calcaneal tuberosity was defined as the center of
rotation, and an absolute coordinate system was created
with this center of rotation set at the origin (Figure. 3).
The degrees of stretching of each tendon were
calculated when calcaneus pronation (20°) and
supination (20°) were simulated on this coordinate
system. The degree of stretching (%) was calculated
using: [(length of tendon fiber after calcaneus rotation ÷
length of tendon fiber before rotation) x 100) - 100]
(Figure 3). SCILAB-5.5.0 (Scilab Enterprises, Orsay,
France) was used for analysis.

Figure 2 The threedimensional construction diagrams, the
left Achilles tendon.
A: The lateral view. B: The vertical view. C: The proximal
view. Red line: The fiber bundles from the medial head of
the gastrocnemius. Blue line: The fiber bundles from the
lateral head of the gastrocnemius. Yellow line: The fiber
bundles from the soleus muscle.

The MicroScribe system is an instrument with high
precision (manufacturer specification: 0.23 mm
precision in measurements). However, measurements
must be made manually, and, furthermore, the study
cadavers have soft tendon tissues because they were
switched to alcohol after formalin fixation. In addition,
although the study cadavers were thoroughly fixed to
the examination table such that they did not move, it
was necessary to test whether or not they had moved,
since the measurements entail the dissection of the
tendon tissue. Therefore, the reliability and validity of
the measurements made with the MicroScribe system
were verified by measuring 10 arbitrary tendon fibers 3
times and determining the intraclass correlation
coefficient (ICC(1,1)). Moreover, to assess whether the
cadavers had moved during these measurements, the
intraclass correlation coefficients (ICC (1,1)) of the 4
points lateral to the calcaneal tuberosity were
determined using pre- and post-measurement values.
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Figure 3 The center of rotation of the calcaneal tuberosity,
the left Achilles tendon.
A: The center of rotation of the calcaneal tuberosity. B: The
local coordinate system of calcaneal tuberosity. Green
points: the four points of the outside of the calcaneal
tuberosity. Red point: The center of rotation of the
calcaneus, the midpoint of the four points of the outside of
the calcaneal tuberosity. The origin is the center of rotation
of the calcaneus, the Xaxis is defined toward the proximal,
the Yaxis is defined toward the medial, and the Zaxis is
back. Black arrow: the pronation direction, the opposite
direction is the supination direction.

Figure 4 The threedimensional construction diagrams,
Type I, Type II, Type III, the left Achilles tendon, back view.
A: Type I; B: Type II; C: Type III. Red line: The fiber
bundles from the medial head of the gastrocnemius. Blue
line: The fiber bundles from the lateral head of the
gastrocnemius. Yellow line: The fiber bundles from the
soleus muscle.

Figure 5 The threedimensional construction diagrams, the
left Achilles tendon, back view.
A: The left Achilles tendon of type III. B: The fiber bundles
from the soleus muscle. Red line: The fiber bundles from
the medial head of the gastrocnemius. Blue line: The fiber
bundles from the lateral head of the gastrocnemius. Yellow
line: The fiber bundles from the soleus muscle.

Figure 6 The degree of stretching applied to each of the
tendon fiber bundles. Values represent means ± SD.
The degree of stretching (%) = [ (the fiber length of the
motion ÷ the fiber length of the rest)×100)－100].
deg (°): Angle of pronation direction and supination
direction. A: The degree of stretching applied to each of
the type I tendon fiber bundles, B: The degree of
stretching applied to each of the type II tendon fiber
bundles, C: The degree of stretching applied to each of the
type III tendon fiber bundles. MG: Fascicle from the medial
head of the gastrocnemius (Red bar). LG: Fascicle from
the lateral head of the gastrocnemius (Blue bar). Sol:
Fascicle from the soleus muscle (Yellow bar).
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Results
Reliability and reproducibility of a MicroScribe
3-dimensional digitizer measurement: The ICC (1,1)
of the measurements at the tendon fiber was 0.97. The
ICC (1,1) of the measurements at the calcaneal
tuberosity was 0.99.
The three-dimensional construction diagrams,
Type I, Type II, Type III (Figure 4)
In Type III, the Sol located at a deep layer under the
AT inserted onto the medial aspect of the surface of the
calcaneal tuberosity. Therefore, the paths of each
tendon fiber that compose the Sol varied greatly (Figure
5).
The degree of stretching applied to each of the
tendon fiber bundles by twist type: The degrees of
stretching were as follows: for Type I, MG: -1.6% ±
0.9%, LG: -2.2% ± 0.2%, Sol: 1.7% ± 3.4% with 20°
pronation and MG: 1.3% ± 0.7%, LG: 2.0% ± 0.3%,
Sol: -1.4% ± 3.3% with 20° supination; for Type II,
MG: -1.2% ± 0.7%, LG: -0.4% ± 0.6%, Sol: 2.4% ±
1.4% with 20° pronation and MG: 0.8% ± 0.7%, LG:
0.4% ± 0.5%, Sol: -3.2% ± 1.5% with 20° supination;
and for Type III, MG: -1.7% ± 0.4%, LG: -0.4% ±
1.4%, Sol: 3.7% ± 6.0% with 20° pronation and MG:
1.3% ± 0.4%, LG: 0.4% ± 1.3%, Sol: -5.4% ± 6.2%
with 20° supination. In all twist types, different degrees
of stretching were applied to MG, LG, and Sol. In
addition, in all twist types, MG and LG shortened and
Sol stretched with a pronated calcaneus, and MG and
LG stretched and Sol shortened with a supinated
calcaneus (Figure 6).
Type III had the greatest degree of Sol stretching with
20° pronation of the calcaneus (Type I: Sol: 1.7% ±
3.4%, Type II: Sol: 2.4% ± 1.4%, Type III: Sol: 3.7% ±
6.0%). Moreover, each tendon fiber of Sol had different
degrees of stretching (Figure 7).

Figure 7 The degree of stretching applied to each of the
tendon fiber bundles of the Sol of type III. Values represent
means ± SD. The degree of stretching (%) = [ (the fiber
length of the supination 20°÷the fiber length of the
start)×100)－100].
deg (°): The angle of pronation and supination of
calcaneus. Sol: The fascicles from the soleus muscle.

Discussion
This study revealed the degree of stretching of each of
the tendon fiber bundles of MG, LG, and Sol that
compose the AT by twist type when the calcaneus was
pronated or supinated. To the best of our knowledge,
there are no other reports that focused on the twist
type in assessing the degree of stretching of each of the
tendon fiber bundles when the calcaneus is pronated or
supinated.
The MicroScribe system used in the present study has
been used in recent years as a three-dimensional
measurement device in numerous studies involving
different organs, including bone, skeletal muscle, and
nerves [28-32]. The MicroScribe system has a 0.23-mm
precision in measurements (manufacturer specification),
indicating an extremely high precision. Furthermore,
the present study demonstrated that the ICC(1,1) of
measurements made by the MicroScribe system was
0.98, verifying high reliability and reproducibility of the
system.
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In the present study, the degree of Sol stretching was
-5.45% ± 6.2% to 3.7% ± 6.0% when the calcaneus was
pronated (20°) and supinated (20°). A previous study
reported that cadaveric calcaneal pronation (15°) and
supination (15°) resulted in a maximum strain of -9.4%
to 12.5%. This confirmed that the degrees of stretching
calculated in the simulation from this study were all
within the range of biological movements. When the
calcaneus was pronated and supinated in the present
study, different degrees of stretching were applied to
MG, LG, and Sol. It has been demonstrated in studies
that used diagnostic ultrasound imaging systems or MRI
in human subjects [13-15] or studies that used
strain-gauges in cadavers [16-18] that, with passive
movements of the ankle and contraction of the triceps
surae, strain is applied to a different extent at each fascia
that compose the triceps surae. Moreover, gross
anatomical studies revealed that the AT comprises an
insertion tendon where MG, LG, and Sol muscles
insert, and that the insertion sites to the calcaneal
tuberosity differ between each muscle [25-27, 33]. It
was therefore considered that, due to such anatomical
characteristics, differences in the extent of stretching
occurred at the MG, LG, and Sol that compose the AT
when the calcaneus was rotated.
When the calcaneus was pronated, MG and LG
shortened and Sol stretched in all twist types.
Furthermore, a common trend among twist types was
observed where MG and LG stretched and Sol
shortened with supination. Numerous studies on the
twisted structure of the AT have been reported for
decades [1, 22-27]. Although there are some
discrepancies among the reports regarding the extent of
twisting, the general consensus is that MG and LG
insert to the lateral side and Sol inserts to the medial
side of the calcaneal tuberosity. Types I-III used in the
present study also exhibited similar structures. It was
therefore considered that the Sol, which attaches to the
medial side, stretched, while MG and LG shortened,
when the calcaneus was pronated, and Sol shortened,
while MG and LG stretched, when the calcaneus was
supinated.

Furthermore, Type III (extreme) exhibited the greatest
degree of Sol stretching with pronation compared to
the other types, and each tendon fiber that composed
the Sol also showed various degrees of stretching. In
Type III, the Sol, which is located at a deep layer under
the AT, inserts to the medial side of the surface of the
calcaneal tuberosity, resulting in a large variation in the
path of each of its tendon fibers. This may have led to
the greater degree of stretching than other types, as well
as differences in the degree of stretching between
tendon fibers that compose the Sol.
As a mechanism of AT disorder development, the
non-uniform strain in the AT with calcaneal pronation
has been reported as a cause [19]. Moreover, it has been
reported that AT disorders typically present 2-6 cm
proximal to the calcaneal tuberosity [5, 6] and occur
more commonly on the medial side than the lateral side
[1, 7], and that this site is where Sol is located [27].
Based on these reports, it is presumed that the primary
injured tissue is Sol. The present study not only
demonstrated that Type III exhibited different degrees
of stretching of MG, LG, and Sol that compose the AT
when the calcaneus was pronated, but also presented a
greater degree of Sol stretching compared to other twist
types. Furthermore, Type III had different degrees of
stretching in each tendon fiber that composed the Sol.
These findings indicate that there may be a greater risk
of developing AT disorders in Type III twists. The
present study demonstrated the degrees of stretching of
each of the tendon fiber bundles (MG, LG, and Sol)
that compose the AT when the calcaneus is pronated
and supinated in different twist types. However, there
are a few limitations to this study. The first is that the
AT was separated finely for determining the twisted
structure and making 3D measurements, and the
binding between each of the tendon fiber bundles was
not taken into account. The second limitation is that,
although the degrees of stretching of each tendon fiber
with calcaneus rotation were examined under the
assumption that the center of the calcaneal tuberosity is
its center of rotation, the moments of the actual ankle
axis, specifically of the talocrural and subtalar joints,
were not taken into consideration. Future directions
include a mechanical analysis that accounts for the
movements of the talocrural and subtalar joints.
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In conclusion, although AT disorders do not typically
become severe, they occur frequently and are
considered to be one of the disorders that are difficult
to manage. Recently, several effective treatment
methods were reported; however, there are currently no
effective methods to prevent this disorder [1, 34, 35].
The reason for this could be that the mechanism of the
disorder itself is not completely understood. We believe
that the results from the present study will lead to the
mechanistic elucidation of AT disorders, the
development of effective preventive or treatment
methods, and the functional analysis of the twisted
structure.
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