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Abstract: Insertional Achilles tendinopathy (IAT) is caused by traction force of the tendon.
The effectiveness of the suture bridge technique in correcting it is unknown. We examined the
moment arm in patients with IAT before and after surgery using the suture bridge technique,
in comparison to that of healthy individuals. We hypothesized that the suture bridge method
influences the moment arm length. An IAT group comprising 10 feet belonging to 8 patients requiring
surgical treatment for IAT were followed up postoperatively and compared with a control group
comprising 15 feet of 15 healthy individuals with no ankle complaints or history of trauma or
surgery. The ratio of the moment arm (MA) length/foot length was found to be statistically significant
between the control group, the IAT group preoperatively and the IAT group postoperatively (p < 0.01).
Despite no significant difference in the force between the control and preoperative IAT groups,
a significantly higher force to the Achilles tendon was observed in the IAT group postoperatively
compared to the other groups (p < 0.05). This study demonstrates that a long moment arm may be one
of the causes of IAT, and the suture bridge technique may reduce the Achilles tendon moment arm.
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1. Introduction

The Achilles tendon, attached to the posterior process of the calcaneus, is the largest and strongest
tendon in the body. It is composed of the gastrocnemius muscle, originating from the condyle of the
femur, and the soleus muscle, originating from the upper tibia. The gastrocnemius and soleus muscles,
collectively known as the triceps surae, flex the ankle joint during gait. In the gait cycle, balance is
maintained against gravity during the stance phase, and flexing the ankle joint during the toe-off phase
provides a forward propulsive force [1].

The contraction of the triceps surae is exerted as a rotational force (torque) around the ankle axis,
which can be calculated theoretically as the product of the muscle cross-section and the moment arm
(MA) (Figure 1) [2–4].

In general, the length of the MA is known to change depending on the angles of plantarflexion
and dorsiflexion of the ankle joint, which is different in each individual [2–4]. However, the length
of the MA of the triceps surae has been reported to change depending on the angle of plantar- and
dorsiflexion of the ankle joint [5–7]. Yet, it has also been reported that motion does not cause any change
in the length of the MA [8,9], and that the plantarflexion moment length, from the plantarflexion region
to the dorsiflexion region, is different in each individual, with little change caused by motion [2–4].
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Thus, the changes in the length of the MA in motion has attracted great attention. Moreover, the shape
of the foot has been shown to influence the Achilles tendon MA [10]. However, these studies examined
the length of the MA only in healthy individuals and it has not been investigated in patients with
Achilles tendon disorders.Appl. Sci. 2020, 10, x FOR PEER REVIEW 2 of 11 

 
Figure 1. The contraction of the triceps surae can be calculated theoretically as the product of the 
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these methods, respectively. Manja et al. [10] proposed a new method using a weight-bearing X-ray. 
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tissue. Therefore, we are now able to investigate in various patients with Achilles tendon disorders. 
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inversely proportional to the traction force applied to the insertion of the Achilles tendon. On the 
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shorten, reducing the length displacement of the muscle-tendon complex, and further reducing the 
consumption of elastic energy of the Achilles tendon [13,14]. Thus, the moment arm of the ankle joint 
is expected to influence the traction force applied to the insertion of the Achilles tendon, the length 
displacement of the muscle-tendon complex, and the elastic energy. 

Surgical treatments for IAT include para-tendon excision, adhesion detachment, intra-tendon 
degeneration excision, and calcaneal wedge osteotomy [15,16]. Of these, we preferred surgical 
treatment of insertional Achilles tendinosis with reattachment of the Achilles tendon using the suture 
bridge technique (Figure 2). This method firmly fixes the enthesis by pressing the tendon with the 
surface, and good outcomes have been reported with this method [17]. 

Figure 1. The contraction of the triceps surae can be calculated theoretically as the product of the
triceps surae muscle cross-section area and the Achilles tendon moment arm using the lever rule.

The center of rotation (COR) and tendon excursion (TE) methods are mainly used for the
measurement of the lever arm of Achilles tendon [5], with MRI and ultrasound generally used for
these methods, respectively. Manja et al. [10] proposed a new method using a weight-bearing X-ray.
The method allowed the evaluation of the morphology and anatomical position of the bone and soft
tissue. Therefore, we are now able to investigate in various patients with Achilles tendon disorders.

Insertional Achilles tendinopathy (IAT), an Achilles tendon disorder, is caused by the traction
force of the Achilles tendon [11,12]. This traction force is influenced by the rotational torque of the
ankle joint, and the moment arm length is proportional to the plantar flexion torque of the ankle
joint [13]. Therefore, when force is applied to the ankle joint, the Achilles tendon moment arm length
is inversely proportional to the traction force applied to the insertion of the Achilles tendon. On the
other hand, with a short moment arm, the circular arc associated with ankle rotation is thought to
shorten, reducing the length displacement of the muscle-tendon complex, and further reducing the
consumption of elastic energy of the Achilles tendon [13,14]. Thus, the moment arm of the ankle joint
is expected to influence the traction force applied to the insertion of the Achilles tendon, the length
displacement of the muscle-tendon complex, and the elastic energy.

Surgical treatments for IAT include para-tendon excision, adhesion detachment, intra-tendon
degeneration excision, and calcaneal wedge osteotomy [15,16]. Of these, we preferred surgical
treatment of insertional Achilles tendinosis with reattachment of the Achilles tendon using the suture
bridge technique (Figure 2). This method firmly fixes the enthesis by pressing the tendon with the
surface, and good outcomes have been reported with this method [17].

However, due to the lack of basic research on this surgical technique, its effectiveness remains
unknown. This study aimed to examine the moment arm length as an anatomical feature in patients
with IAT. We hypothesized that the suture bridge method for IAT influences the moment arm length.
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Figure 2. We performed a reconstruction of the Achilles tendon with a suture bridge technique. ①: 
Bone spurs, calcifications in the tendon, and Haglund’s prominence is removed. ②: Two Swive Locks 
with Fiber Tape inserted in the proximal hole. ③: Fiber Tape is passed through the Achilles tendon 
and inserted into the prepared distal hole using Swive Lock. ④: The tails on the distal row flushed to 
the anchor. (A): Preoperative X-ray. (B): Postoperative X-ray for the same case. 
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collagen diseases or trauma other than Achilles tendon injuries, and those who could not be followed 
up for more than one year after surgery were excluded from the study. As a result, 8 individuals (10 
feet; IAT group) were examined in this study. Fifteen healthy individuals (with no complaints of ankle 
joint injuries nor history of surgical trauma) were included for examination in the control group. 

The reconstruction in all IAT cases was performed using the Achilles SpeedBridge system 
(Arthrex, FL, USA). After extending the Achilles tendon in the midline and partly separating it from 
the insertion, the osteophytes, intra-tendinous degeneration site, and posterior superior calcaneus at 
the enthesis were excised. Subsequently, fiber tape was used to fix the Achilles tendon to the 
calcaneus using four knotless anchors. We analyzed a clinical evaluation by the American Orthopedic 
Foot and Ankle Society ankle/hindfoot scale (AOFAS scale) and visual analog pain scale (VAS) 1 year 
after the surgery. 

Figure 2. We performed a reconstruction of the Achilles tendon with a suture bridge technique. 1O: Bone
spurs, calcifications in the tendon, and Haglund’s prominence is removed. 2O: Two Swive Locks with
Fiber Tape inserted in the proximal hole. 3O: Fiber Tape is passed through the Achilles tendon and
inserted into the prepared distal hole using Swive Lock. 4O: The tails on the distal row flushed to the
anchor. (A): Preoperative X-ray. (B): Postoperative X-ray for the same case.

2. Materials and Methods

This is a retrospective study. Fourteen individuals (16 feet) who required surgical treatment for
IAT at our hospital between 2014 and 2019 were included in the IAT group. Those with a history of
collagen diseases or trauma other than Achilles tendon injuries, and those who could not be followed
up for more than one year after surgery were excluded from the study. As a result, 8 individuals
(10 feet; IAT group) were examined in this study. Fifteen healthy individuals (with no complaints of
ankle joint injuries nor history of surgical trauma) were included for examination in the control group.

The reconstruction in all IAT cases was performed using the Achilles SpeedBridge system (Arthrex,
FL, USA). After extending the Achilles tendon in the midline and partly separating it from the insertion,
the osteophytes, intra-tendinous degeneration site, and posterior superior calcaneus at the enthesis
were excised. Subsequently, fiber tape was used to fix the Achilles tendon to the calcaneus using four
knotless anchors. We analyzed a clinical evaluation by the American Orthopedic Foot and Ankle
Society ankle/hindfoot scale (AOFAS scale) and visual analog pain scale (VAS) 1 year after the surgery.

At 6 months to 1 year after the surgery, 1.5T MRI (Vantage Titan Ver3.0, Canon, Tokyo, Japan)
images were taken to evaluate the morphology of the Achilles tendon insertion area and abnormal
signal in the tendon before and after surgery.
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Plain X-ray images were used to measure the lever arm. The images of the affected side were
taken for patients in the IAT group, while those of the healthy side were taken for patients in the
control group. As described by Manja et al. [10], who used plain X-ray images of the feet during
weight-bearing, the weight-bearing plane was taken as the plantar axis from the lateral image; a straight
line perpendicular to this plantar axis, passing through the center of the Achilles tendon, was set as the
central axis of the Achilles tendon. The shortest distance from the central axis of the Achilles tendon
to the center of the first metatarsal head parallel to the plantar axis was defined as the length of the
sole. A perfect circle was drawn to fit the pulley surface of the talus, and the center point was used
as the center of motion. The shortest distance from the center of motion to the central axis of the
Achilles tendon was defined as the MA length. In addition, the angle between the Achilles tendon
moment arm and the line from the center of the ankle joint movement to the insertion of the Achilles
tendon was defined as the α angle (Figure 3). The central axis of the Achilles tendon at the time
of postoperative measurement was the midpoint from the most dorsal surface to the bottom of the
insertion (Figure 4). Also, the ratio of the MA length/foot length was used to standardize the difference
in foot size. Furthermore, in order to take the influence of body weight into account, the force applied
to the Achilles tendon at the time of heel raise can be calculated as the rotational force around the ankle
joint axis. Then, the force applied to the Achilles tendon, F, can be estimated by:

F = w × (L −MA)/MA

where w is the body weight, MA is the Achilles tendon moment arm length, and L is the length of the
sole [14,18,19] (Figure 5). In the present study, this formula was used to calculate the force applied
to the Achilles tendon, and the average value of three measurements performed by one examiner
was used.

Both the control group and the IAT group were examined, and all measurements were taken pre-
and post-operatively. Statistical tests were performed using Microsoft Excel. Data were tested using
unpaired student t-tests, and effects were considered significant at 95% CI and p < 0.05. All subjects gave
their informed consent for inclusion before they participated in the study. The study was conducted in
accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee
of Nara Medical University (Approval number: 2740).
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3. Results

The average height of subjects in the healthy group was 163 ± 7.4 cm, with average body weight
and BMI of 64.5 ± 12.1 kg and 24.3 ± 4.8 kg/m2, respectively. The average height of subjects in the IAT
groups was 163.6 ±13.3 cm, with average body weight and BMI of 73.5 ± 11.0 kg and 27.7 ± 4.5 kg/m2,
respectively. Thus, there was no significant difference between the groups for these items (Table 1).

Table 1. Patient Characteristics.

IAT Control p Value

n 10 feet (8 people) 15 feet (15 people)
Sex Male: 4 Female: 4 Male: 8 Female: 7

Age, y 55.5 ± 14.4 37.4 ± 16.2
Height, cm 164 ± 13.3 163 ± 7.44 >0.05

Body weight, kg 73.5 ± 11.0 64.5 ± 12.1 >0.05
BMI, kg/m2 27.7 ± 4.58 24.3 ± 4.83 >0.05

Abbreviations: IAT, insertional Achilles tendinopathy. BMI, body mass index. Values are given as mean ± standard
deviation (SD).

The AOFAS scale and VAS improved in all cases (AOFAS scale: Preoperative averaged 71.7,
postoperative averaged 92.3; VAS: Preoperative averaged 5.0, postoperative averaged 0.83).

MRI assessment after surgery for IAT revealed Achilles tendon insertion running from the proximal
knotless anchor insert to the distal knotless anchor insert via the suture bridge technique in all cases
(Figure 6). Also, MRI findings showed the disappearance of abnormal signals in the Achilles tendon in
all cases.
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Figure 6. The MRI images of T2-weighted images of the same patient. ↔: Length of Achilles tendon
insertion. (A): Pre-operation of the Achilles tendon insertion. (B): Post-operation of the Achilles tendon
insertion. We can see the postoperative Achilles tendon insertion presence from the proximal knotless
anchor insert to the distal knotless anchor insert.

There was no significant difference in the α angle between the control and IAT groups. The ratio
of MA length/foot length was 0.30 ± 0.9 × 10−3, in the control group, 0.31 ± 1.0 × 10−2, in the IAT
group preoperatively, and 0.27 ± 0.2 × 10−1 in the IAT group postoperatively, showing significant
differences between these groups (p < 0.05). The force applied to the Achilles tendon was 148.5 ± 24.9 kg
in the control group, 166.2 ± 23.0 kg in the IAT group preoperatively, and 200.8 ± 25.4 kg in the
IAT group postoperatively. Despite no significant difference in the force between the control and
preoperative IAT groups, a significantly higher force to the Achilles tendon was observed in the IAT
group postoperatively, compared to the other groups (p < 0.05) (Figure 7).
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Figure 7. Radiographic Measurement. (A): Comparison of the α angle between the control and
pre-operative IAT groups. (B): Comparison of the ratio of MA length/foot length between the control
group, the preoperative IAT group, and the postoperative IAT group, showing significant differences
between these groups (p < 0.05). (C): Comparison of the force applied to the Achilles tendon between
the control group, the preoperative IAT group, and the postoperative IAT group, showing that a
significantly higher force to the Achilles tendon was observed in the IAT group postoperatively,
compared to the other groups (p < 0.05). Values are given as mean ± SD.
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4. Discussion

COR method and TE methods are mainly used for the measurement of the lever arm of Achilles
tendon [5]. It has been reported that the TE method shows a shorter moment arm than the COR
method [5]. However, it has also been reported that there is no difference in measurements between
the two methods [20]. Thus, there is no unified view on this issue. Furthermore, the Achilles tendon
moment arm has been shown to be influenced by weight-bearing [21], and an evaluation method
using weight-bearing X-ray has been developed for taking images during weight-bearing [10]. It is
also feasible to use radiographs to measure the Achilles tendon moment arm [10]. In the present study,
we examined the group of patients with IAT before and after surgery, in comparison to a control group
of healthy individuals. In order to measure the moment arm and evaluation of the morphology of the
bone during weight-bearing in each group, we decided to use a weight-bearing X-ray for evaluation.
Also, the usage of an X-ray is a simple method and allows us to perform anatomical calculations easily.
Therefore, we determined that it was a good method in our study.

A study using this measurement method reported a moment arm length of 64.3 mm [10]. In the
present study, the average moment arm lengths of the healthy and IAT groups were 51.7 mm and
53.7 mm, respectively, both of which were shorter than the previously reported value. However,
the length of the sole of subjects in the previous report was 185.7 mm, in contrast to 171 mm and
170.1 mm in healthy and IAT groups, respectively, in the present study. This suggests that the moment
arm length may be influenced by the difference in the physical constitution.

In addition, Manja et al. [10] showed that the moment arm length and α angle are influenced by
the difference in the shape of the foot, such as flat and concave feet. In the present study, no significant
difference in α angle between the control and experimental groups was observed, indicating that
the results are not influenced by the difference in the shape of the subject’s foot, even in flat and
concave feet.

To date, there have been no reports comparing the Achilles tendon moment lengths between
healthy individuals and patients with IAT, but many factors are known to influence the pathophysiology
of IAT. Lyman et al. [22] stated that it is caused by the traction force of the Achilles tendon during ankle
movement. In the present study, those with IAT had a significantly longer Achilles tendon moment
arm than healthy individuals. However, there was no significant difference in the force applied to
the Achilles tendon between two groups. This indicates that the traction force of the Achilles tendon,
which is the cause of IAT, is not influenced simply by the force applied to the Achilles tendon.

It has been shown that the Achilles tendon exerts approximately 4 to 6 times its weight during
running [23,24], stretching approximately 8% of the total length of the Achilles tendon [25]. It has also
been shown that, despite the smaller force applied during walking than in running, approximately
7% of the total length of the Achilles tendon is stretched during walking [26]. This indicates that the
insertion of the Achilles tendon is influenced not only by simple tension but also by the elastic energy
due to the stretching of the Achilles tendon [27]. In fact, triceps surae eccentric exercise has been
recommended as a conservative therapy for IAT [28,29], and the extension of the Achilles tendon is a
major cause of IAT. Our data revealed that individuals with IAT had a longer moment arm length than
healthy individuals. This suggests that, with a long moment arm, the arc length associated with the
ankle rotation lengthens, increasing the length displacement of the muscle-tendon complex, and further
increasing the elastic energy consumption of the Achilles tendon [13,14]. Therefore, the elasticity of the
Achilles tendon is shown to be greatly responsible for the development of IAT.

In addition, any measurements of the moment arm length before and after surgery using the
suture bridge technique have not been reported to date. As a surgical treatment for IAT, the calcaneal
wedge osteotomy takes the influence of the moment arm into account and aims to reduce stress on the
insertion of the Achilles tendon by shortening the calcaneus length and slightly lifting the insertion of
the Achilles tendon [30]. The suture bridge technique used in the present study has also been reported
to have good long-term outcomes [17,31]. This method can treat various pathological conditions
that influence IAT with minimal invasion [31]. Furthermore, by comparing the preoperative and
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postoperative data in this study, the postoperative Achilles tendon moment arm was found to be
shortened. On the other hand, the force applied to the Achilles tendon was significantly increased
in individuals with IAT compared to healthy individuals. This indicates that this method may not
reduce the force applied to the Achilles tendon. Rather, it may reduce the length displacement of the
Achilles tendon by reducing the Achilles tendon moment arm, thereby reducing the energy applied to
the Achilles tendon.

There are three limitations to this study. First, the number of cases was small. The study needs
to proceed with an increased number of cases, and proper statistical analysis needs to be performed.
Secondly, the Achilles tendon insertion is an area, but for the sake of simplicity, it was considered to
be a point. Performing 3D analyses allows more precise analyses, and we will need to investigate
the area of the Achilles tendon insertion. Third, the moment arm measurement method used in this
study was the static evaluation. An X-ray or MRI scan is required to measure the Achilles tendon
moment arm after the reconstruction of Achilles tendon insertion using the suture bridge technique.
However, it is difficult to measure the dynamic change of the moment arm before and after surgery
with the measurement methods reported to date. Therefore, a new measurement method needs to be
developed for measuring a dynamic moment arm using X-ray or ultrasonic waves in the future.

5. Conclusions

In this study, we examined the moment arm in patients with IAT before and after undergoing the
suture bridge technique compared to that of healthy individuals. The Achilles tendon moment arm
was significantly longer in patients with IAT. We hypothesized that the suture bridge technique for IAT
influences the moment arm length. To test this, we examined the changes in the moment arm length
of patients with IAT before and after the surgery by analyzing the X-ray images of the lateral side of
their feet during under weight-bearing. This study demonstrates that a long moment arm may be one
of the causes of IAT, and the suture bridge technique may reduce the Achilles tendon moment arm.
These findings suggest that it is important to consider the influence of the Achilles tendon moment
arm in the treatment of IAT.
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