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Abstract

Background: In various Achilles tendon disorders, little attention is paid to the bone environment at the tendon
insertion sites. The aim of the present study was to assess the calcaneal bone structure in Achilles tendon disorders

using computed tomography (CT).

Methods: This study included 31 male patients diagnosed with various Achilles disorders, including episodes of
tendon rupture (TR), conservatively treated tendinopathy (TP), and critical-stage Achilles TP treated with endoscopic
surgery (TS). CT scans of both feet were conducted to assess the calcaneal bone structure in the TP and TS groups,
which comprised 23 patients. Bone measurements were calculated, including the bone volume-to-total volume
ratio (BV/TV), cross-sectional area (CSA), product moment of area (Ilpm), and polar section modulus (Zpol).

Results: The results demonstrated increased BV/TV, CSA, lpm, and Zpol values in patients who underwent tendinoscopy

and in patients with insertional TP.

Conclusions: CT images are useful for evaluating calcaneal trabecular structural alterations in patients with Achilles

pathology and correlate with the TP type.
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Background

Degenerative tendinopathy, i.e., tendinosis [1], refers to
intrinsic deformations in the structure of Achilles ten-
don fibers without self-reported patient symptoms or
subjective pain. This condition does not involve inflam-
mation or clinical manifestations but may develop into
active tendinopathy (TP) with variable clinical symp-
toms, which are usually localized in the narrowest cross-
sectional segments (midportion Achilles TP, 2-7 cm
above the calcaneal insertion) [2]. In contrast, 20% of
Achilles disorders involve insertional tendinopathy [2],
which is defined as a degeneration of the fibers of the
Achilles tendon at its insertion into the calcaneus.
Undoubtedly, the deterioration of tendinous structures
suggests an approach for diagnostic development.
Among the well-known imaging techniques, radiography
and MRI appear sufficient for detecting soft tissue and
bone changes, such as heel spurs or Haglund’s deformity.
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The use of computed tomography (CT) is uncommon
in cases of both tendinopathy and Achilles tendon rup-
ture (TR). However, CT provides an opportunity to pre-
cisely evaluate the quality of the calcaneal bone and its
simultaneous anatomical relationship with the Achilles
tendon.

Among various Achilles tendon pathologies and
perspectives regarding its structural and functional
anatomy, the calcaneal bone environment and tendon
insertion sites have received scant attention. Generally,
although its fibrous structure has been considered [3-6],
little discussion has addressed the specific attachment of
the Achilles tendon [7]. The tendon-bone insertion is
characterized as a complex composite junction that
allows stress transfer between mechanically dissimilar
materials. Bone is a stiff, brittle material; in comparison,
tendon has a material stiffness of approximately 20 GPa
[8]. In contrast, tendon is tough and extensible, while
bone has a material stiffness of approximately 200 MPa
in tension [9]. The attachment of two dissimilar mate-
rials results in stress singularities at their interface and a
subsequent increased risk of failure [10]. The mechanical

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13018-017-0638-4&domain=pdf
mailto:krzysztof.ficek@galen.pl
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Ficek et al. Journal of Orthopaedic Surgery and Research (2017) 12:139

response at the tendon-bone interface in the transverse
direction enables the directional variability of the force
applied to the bone [5]. The concentration of trabeculae
and an increase in bone density (radiologically described
as bone sclerosis) within the calcaneus and particularly
around the tendon-to-bone attachment may affect the
Achilles tendon’s interaction with fibrous tissue. There-
fore, in probing the causes of emerging tendinopathy,
the interaction between the diverse environments of ten-
don and bone merits investigation that considers appro-
priate transmission loads for the tendon and stress
absorption for the bone.

The structural behavior of the bone is affected by both
bone geometry (which reflects different geometric ar-
rangements of the bone tissue) and material properties.
There are several aspects of bone cross-sectional geom-
etry, such as the cross-sectional area and the moment of
inertia, that are useful for predicting structural proper-
ties [11]. The cross-sectional area (CSA), product mo-
ment of area (Ipm), and polar section modulus (Zpol)
are often calculated to measure bone strength [12-15].
The CSA measurement of the calcaneus provides infor-
mation about the distribution of bone minerals [16]. In
bending, the strength and stiffness of bones are deter-
mined by Ipm [17], and Zpol is a measure of torsional
strength [18].

We hypothesized that the inner architecture of the cal-
caneus is related to Achilles tendon pathology. The main
goal of this study was to determine the structural param-
eters of the calcaneus and their association with disor-
ders of the Achilles tendon.

Methods

Diagnostics

Thirty-one male patients (average age, 46 years; range,
21 to 73 years) undergoing treatment for various Achilles
tendon disorders at the Galen-Orthopaedics Clinic,
Bierun, Poland, were initially considered for the study.
The patients’ diagnoses included episodes of TR, TP
treated with conservative management, and critical-stage
Achilles TP treated with endoscopic surgery (TS). The
epidemiology is shown in Table 1. All the TR patients had
a spontaneous rupture that occurred during physical ac-
tivity. The TP and TS patients experienced episodes of
pain for at least 3 months before notifying the physician.
In eight patients, TP occurred bilaterally; seven patients
did not report any symptoms in the other leg (Table 1).
The orthopedic examination included routine palpation of
the tendon, a range of motion assessment, and ultrasonog-
raphy. During the medical interview, patients self-
reported their activity levels. Patients with ruptures of the
Achilles tendon were excluded from the CT analysis due
to the various times after percutaneous surgery using the
Ma-Griffith technique (up to 2 years). During this post-
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Table 1 The different combinations of bilateral calcanei in 31

patients

LL Contralateral LL Patients (n)
TP TP 8

TP NS 7

TP TS 1

P TR 2

TR NS 6

TS NS 6

TS TS 1

Total 31

LL lower limb without distinction between left and right limbs, NS no symptoms,
n number of patients

surgical period, the calcaneus can undergo unpredictable
conversion as a result of unilateral loading. Therefore, 23
patients (Table 2; average age, 45 years; range, 21 to
67 years) were included for CT examination and further
evaluation.

The control group (CG) consisted of nine male indi-
viduals (average age, 39.8 years; range, 31 to 53 years)
without any history of Achilles tendinopathy. The char-
acteristics of the subjects included in this study are pre-
sented in Table 3.

CT scans (GE BrightSpeed Elite, GE Healthcare, US)
of both feet were performed to assess the calcaneal bone
structure. A CT reconstruction protocol was established
to provide comparable images. The slice thickness of the
sagittal cross sections was 1 mm; pixel spacing, 0.33/
0.33; and convolution kernel: bone, 100 kV. CT scans of
the CG were also performed to assess bone structure
among individuals with no Achilles tendon symptoms.

The calcanei of the 23 patients were divided in the fol-
lowing two ways: by treatment (tendinopathy treated
with conservative management (TP) [n =24]; TP treated
with endoscopic surgery (TS) [n=9]) (Table 2), or by
anatomical location (midportion (MP) [n=11]; inser-
tional (INS) [n=22]). The division by anatomical loca-
tion was performed by one orthopedic specialist based
on the localization of Achilles tendon pain and swelling
(midportion TP, 2-7 c¢cm above the calcaneal insertion,
insertional TP <2 cm). Calcanei from the NS group
(Table 2) were not included in the inner bone structure
analysis.

Approval for this study was granted by the ethics com-
mittee under agreement number KB/13/2007.

Image analysis

Based on the CT images, bone measurements were per-
formed using Image] [19], and the bone structures were
analyzed using the Bone] plugin [20]. Two observers
(biomedical engineering specialists) independently applied
the segmentation procedure to sagittal cross sections of
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Table 2 The different combinations of bilateral calcanei in 23 patients included for CT examination

LL Contralateral LL Patients (n) No. of calcanei No. of calcanei No. of calcanei
with TP with TS with NS

TP TP 8 16 - -

P NS 7 7 - 7

TP TS 1 1 1 -

TS NS 6 - 6 6

TS TS 1 - 2 -

Total 23 24 9 13

LL lower limb without distinction between left and right limbs, NS no symptoms, n number of patients

bone tissue from a stack of images to obtain interobserver
reliability. The following threshold was then averaged, and
the mean value was used in the following measurements.
Independently, calcaneal regions of interest (ROIs) were
manually constructed for each slice by one observer
(Fig. 1). The ratio of the bone volume to the total volume
(BV/TV), which indicates the percentage of mineralized
bone located within the volume of interest, was calculated
based on binarized images. New stacks, with the images
centered and rotated so the principal axes were parallel to
the x-, y-, and z-axes of the image stack [20], were
automatically generated (via the Bone] plugin) for each
calcaneus prior to performing the slice geometry measure-
ments. The CSA, Ipm, and Zpol were calculated to
measure bone strength.

An open-source platform, OsiriX MD (v. 7.5, Osiris
Foundation, Geneva, Switzerland), was used for image
processing and for the 3D analysis of inner bone struc-
tures (Fig. 2). The OsiriX volume-rendering algorithm
was used to produce a 3D reconstruction of the calca-
neus. High contrast was automatically applied to select
bone density and only show dense bone structures.
Additionally, the level of detail for the volume rendering
was set, and high-quality images were obtained.

Statistical analysis

Statistical analysis was conducted in consideration of
two aspects: treatment (analysis A) and anatomical loca-
tion (analysis B). The following tests were performed for
each grouping. The Shapiro-Wilk test and Levene’s test
were used to assess data normality and variance homo-
geneity, respectively. Despite unequal sample sizes, the
results indicated that insufficient evidence existed to

Table 3 Subject characteristics

G P s MP INS
Age (years) 398+7.1 489+99 351496 51.1+110 40.1+113
Height (cm) 1817  179+6 1816 178+8  181%5
Weight (kg) 86+11 86+14 847 839 86+ 13
BMI 262420 268+38 256419 26435 264+33

reject either the hypothesis of normality or the hypoth-
esis of variance homogeneity. Because the distribution of
Zpol was skewed, the values were log-transformed. One-
way ANOVA was used for overall group comparisons,
followed by the Tukey HSD post hoc test for group-wise
comparisons; p < 0.05 was considered significant.

A sensitivity analysis of one foot per patient was
performed to inspect the influence of the correlation
between measurements of the same patient.

Results

Agreement between two observers (interobserver agree-
ment) regarding the thresholding of calcaneal bone was
established for 79.66% of calcanei examined. The com-
parison of the cross-sectional geometric properties of
the calcaneus between the tested groups in analysis A is
shown in Fig. 3 and Table 4. The highest average BV/TV
was observed in the TS group. Compared with the
CG and the TP group, the TS group demonstrated a
higher CSA. Additionally, the following significant dif-
ferences in CSA were found: CG-TP (p=0.03233),
CG-TS (p=0.00004), and TP-TS (p=0.01286). The
analysis also revealed significant differences in Ipm
(CG-TS [p=0.00011], TP-TS [p=0.01965]) and Zpol
(CG-TS [p=0.00063], TP-TS [p = 0.04024]).

The comparison of the bone structure parameters
between the tested groups in analysis B is provided in
Fig. 4 and Table 5. The highest values of BV/TV, CSA,
Ipm, and Zpol were observed in the INS group, and the
lowest values were found in the CG. The following sig-
nificant differences were found between groups: CG-INS
(p=0.00282) for BV/TV; CG-INS (p=0.00004) and
MP-INS (p =0.00840) for CSA; CG-INS (p =0.00008)
and MP-INS (p=0.00788) for Ipm; and CG-INS (p=
0.00089) and MP-INS (p = 0.03799) for Zpol (Table 5).

The 3D CT reconstructions derived from Digital
Imaging and Communications in Medicine (DICOM)
images clearly visualized the interior architecture, which
was difficult to analyze based on standard 2D images
(Fig. 1). Among individuals, such 3D models displayed
various cortical and trabecular configurations, particu-
larly in sites adjacent to the Achilles tendon insertion
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Fig. 1 Calcaneal region of interest (ROI) constructed on various cross sections

site (Fig. 2). Among the calcanei from the INS group
(n=22), bone sclerosis was not visualized in only
three cases but was observed in six cases in the TS
group (n=9); however, such 3D examination revealed
various sclerotic patterns in relation to location and
range.

Discussion

In this study, we proposed the observation of bone alter-
ations in patients with an Achilles pathology using CT
to estimate the bone structure and identify associations
between the inner calcaneal architecture and the occur-
rence of Achilles disorders. CT allows a close examin-
ation of the bone distribution within the calcaneus and
the possibility of identifying bone sclerosis at the
Achilles attachment site. Structurally, bone strength and
stiffness depend on the CSA for tension and compres-
sion and on the distribution of bone mass about the
neutral axis, which is known as the Ipm or area moment
of inertia [17]. Zpol, which is a measure of torsional
strength, may also be determined to estimate overall
average bending strength [21]. The results of the CT
analysis demonstrated that calcanei from the TS and
INS groups were characterized by higher values in the
parameters (CSA, Ipm, Zpol) that describe calcaneus
strength and stiffness; however, cross-sectional geomet-
rical properties are usually used to test the mechanical
adaptations of long bones and to reflect the resistance of
bone to axial compression and tension [22]. Neverthe-
less, the calcaneus is a structure that is subjected to

complex loading and reflects the combined action of the
forces applied. The combination of compressive forces,
shear stress, torsion, and tensile stress, which is imposed
at the insertion of the Achilles tendon and plantar fascia
[23], act on the calcaneus during standing. This study
verifies the utility of cross-sectional parameters (CSA,
Ipm, Zpol) in calcaneus measurements because calcaneal
bone is also subjected to compression and tension.
Typically, a detailed assessment of trabecular bone in
the calcaneus, obtained by calculating trabecular thick-
ness, trabecular number, connectivity, etc., may be ob-
tained via a micro-tomographic evaluation; however,
such estimation of bone structure is infeasible in vivo.
Between CG and TS, in which 67% cases had radio-
logically indicated bone sclerosis, significant differences
(»p<0.05) were observed in CSA, Ipm, and Zpol.
Concerning the division of Achilles tendinopathy by
localization: midportion and insertional, we showed
that insertional tendinopathy is associated with changes
in calcaneal bone inner structure, based on increased
values for parameters such as CSA, Ipm, and Zpol in
the INS group. Statistically significant results were ob-
served in the calculated parameters between the CG
and INS groups. The lack of significant differences
between the CG and MP suggest that the etiology of
midportion Achilles tendinopathy is poorly associated
with calcaneal bone tissue. Therefore, our hypothesis
regarding the association of the inner architecture of
the calcaneus with Achilles tendon pathology was
partially confirmed. To account for the correlation

Fig. 2 The figure shows 3D visualizations of calcanei with bone tissue distributions: a calcaneus from the CG and b calcaneus from the TS group.
White color represents bone tissue of high density; red color represents bone tissue of low density
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Fig. 3 Boxplots showing the calcaneal bone structure measurement results from analysis A. Boxplot legend: the top and the bottom of the boxes
represent the 1st and 3rd quartiles, respectively. The whiskers correspond to the maximal and minimal value within the 1.5 X inter-quartile range
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between measurements of the same patient’s feet, a sen-
sitivity analysis was performed in which one foot per
patient was randomly chosen for the analysis. The re-
sults are in line with those presented here for the whole
dataset. Although the order of the p values slightly in-
creased as they strongly depend on the sample size, the
significance of the results remained unchanged. More-
over, the authors emphasize that this is a pilot study
and hence, significance should not be the only factor
considered when assessing the results, which should be
accompanied by visual inspection (see Figs. 3 and 4).

Table 4 Results from analysis A

Analysis A

ANOVA CG-TP CG-TS TP-TS
BV/TV 0.03465 0.06694 0.07168 0.86550
CSA 0.00006 0.03233 0.00004 0.01286
lpm 0.00017 0.05117 0.00011 0.01965
Zpol 0.00096 0.11017 0.00063 0.04024

Based on clinical history, patients involved in various
sports (e.g., soccer, triathlon, tennis) who also met the
World Health Organization’s (WHO) recommended
physical activity levels for adults [24] were identified.
Sixteen of the 23 patients were involved in various
sports activities (e.g., soccer, triathlon, tennis, running).
To compare the influence of sport loading on calcaneal
bone inner structure, we decided to include individuals
without a history of Achilles tendon pathology (i.e., the
CG, n=9) who also engaged in high-intensity exercises
and met the WHO’s recommended levels of physical ac-
tivity. In two cases in the CG, the evaluation of the inner
calcaneal bone structure indicated increased density.
Such a finding raises questions about using CT to pre-
dict Achilles tendon disorders, particularly insertional
pathologies, which may be caused by insufficient absorp-
tion of the trabecular bone tissue within the calcaneus.
Therefore, to explore and challenge the traditional hy-
pothesis regarding the etiology of Achilles TP, further re-
search including larger groups of patients should be
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Fig. 4 Boxplots showing the calcaneal bone structure measurement results from analysis B. Boxplot legend: the top and the bottom of the boxes
represent the 1st and 3rd quartiles, respectively. The whiskers correspond to the maximal and minimal value within the 1.5 X inter-quartile range
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performed. In light of the above considerations, all the
collected samples that met the basic requirements were
included in this pilot study. To adjust for the similarity
between the measurements of both feet of the same pa-
tient, the sample size was reduced to one randomly
chosen foot per person for the sensitivity analysis. This
analysis confirmed the results presented above.

The role of the hard-soft tissue interface is commonly
neglected when considering the factors that may affect the
calcaneal tendon. Hems and Tillmann [25] highlighted
that bone and tendon have similar tensile strengths but

Table 5 Results from analysis B

Analysis B

ANOVA CG-MP CG-INS MP-INS
BV/TV 0.00265 0.81037 0.00282 0.05327
CSA 0.00004 0.56185 0.00004 0.00840
lpm 0.00007 0.68381 0.00008 0.00788
Zpol 0.00091 0.70459 0.00089 0.03799

different elastic moduli, the latter of which is nearly 10
times higher in bone. Additionally, Suresh [18] empha-
sized that difficulties arise from joining a stiff material
(bone in the context of the enthesis) to a softer one
(tendon).

Biomechanical changes in the tendinopathic tendon
with the assessment of ultimate tensile strength appear
to be well established in the literature [26, 27]. The vast
majority of research has focused on Achilles tendon
transformations resulting from soft tissue changes. The
Achilles tendon becomes stiffer with chronic loading
and non-uniform stress distribution within the tendon,
which leads to a microtrauma effect between fibrils
[28, 29]. Therefore, the conversion from deteriorated
tendon fibrils to mineralized fibro-cartilage may cause
outer bone deformations, such as bone spurs or Haglund’s
deformity. Because of the association between the Achilles
enthesis and Sharpey’s fibers, the postero-superior prom-
inence of the calcaneus must also be investigated [30].
Because bone is stiffer than a tendon-muscle system, the
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dispersion of stress from bone to tendon must be notice-
able, considering the two types of tendon insertion into
bone described in the literature, ie., indirect (periosteal-
diaphyseal) and direct (chondral-apophyseal) [31].

In addition to external heel alterations, the role of the
inner structure of bones in the remodeling process
should be considered. Remodeling may be induced by
transmitted and improperly absorbed loads from ten-
dons. Tensile stress fractures may be generated in the
calcaneus adjacent to the Achilles tendon insertion [32],
and localized bone sclerosis may be caused by microin-
juries that compress the bone [33]. Such an increase in
bone density, assuming further interaction between the
calcaneus and tendon, might diminish the stress absorp-
tion capability of the bone and consequently induce fur-
ther degeneration of the tendon fiber structure. More
than a century ago, Wolff [34] postulated that bone tis-
sue responds to its environment, causing trabecular
architecture remodeling. To date, few studies have veri-
fied the Achilles tendon’s influence on cancellous tissue.
Biewener et al. [35] assessed the Achilles tendon’s impact
in an animal model (potoroo) using fluorescence micro-
scope to analyze the histological organization of trabecu-
lae. The results tentatively suggested that variations in
Achilles tendon anatomy might affect the trabecular
structure of the calcaneus. Additionally, Kuo et al. [36]
attempted to investigate the correlation between bone
parameters and Achilles morphology in primates using
micro-CT. To the authors’ best knowledge, no studies to
date have verified these assumptions in human subjects
while measuring bone inner structure using such param-
eters as BV/TV, CSA, Ipm, and Zpol in calcaneus. Dif-
ferent parameters, such trabecular thickness (Tb.Th),
trabecular spacing (Tb.Sp), and trabecular number
(Tb.N), based on high-resolution images, were mea-
sured, making direct comparisons between our results
and those of previous studies infeasible.

This study has several strengths and a few limitations.
One strength is the novelty of proposing a new factor in-
fluencing Achilles tendon disorders. To the best of our
knowledge, this is the first study to highlight the possible
impact of bone in the progression of degenerative
changes in Achilles tendinopathy given that bone is the
structure that absorbs the transferred stresses of the
working tendon. The decreased bone tissue absorption
properties resulting from the increased density of the
trabecular structure may lead the remaining forces to
overload the tendon fibers. Despite the small number of
patients in our study, we found significant differences
between the control and tendinopathic Achilles tendons.
The presence of localized bone sclerosis was also indica-
tive of the severity of the disease—increased bone density
was observed in patients after tendinoscopy. Additionally,
the color 3D observation of the inner architecture of the
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calcaneus showed the distribution of trabeculae, empha-
sizing bone sclerosis, which is difficult to observe on 2D
images. Furthermore, the analysis of the demographic
characteristics of the participant groups showed no signifi-
cant differences in BMI between the cohorts (CG, TP, TS
(p=0.9191) and CG, MP and INS (p = 0.9174)), consider-
ing that BMI may correlate directly and strongly with pri-
mary outcomes.

This study has some limitations. The study was not
designed to determine Achilles tendinopathy causation
but to establish an association between the incidence of
Achilles pathology and bone properties and to indicate a
new factor that might be considered in the etiology. The
authors did not exclude the concept of primary calcaneal
bone alteration caused by a functioning tendon. There-
fore, a mutual influence between the calcaneus and ten-
don is likely. The results are based only on males.
Although different studies report that the incidence of
tendinopathy is similar in both genders [37], we observe
episodes of Achilles tendon pain more frequently in
males. Additionally, females have different bone metab-
olism at various ages than males [38]; thus, to eliminate
potential confounding effects, the study was limited to
males. The level of physical activity according to the
WHO criteria was not scored; only a subjective evalu-
ation was performed. A correlation between the reported
activity level and the occurrence of bone sclerosis was
perceived by the study radiologist based on visual obser-
vations but was not described quantitatively.

Conclusions

Our goal was to propose a new concept in the consider-
ation of Achilles tendon pathologies by analyzing the
inner bone structure as a factor contributing to stress
dissipation. The results of this study enable the consider-
ation of an etiological model of tendinopathy involving
deeper parts of the bone.
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