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Abstract

The way to assess the calcaneal fractures reduction is still open. Anatomical morphology is an important
clinical value to maintain normal function and may use as references to evaluate the reduction for
calcaneal fractures. The aim of study is to provide reliable and repeatable three-dimensional (3D)
morphology measurement. 3D models of ninety-nine Taiwanese normal calcaneus were reconstructed
and segmented from CT image. Anatomical landmark serves as measurement constraints that manually
identified and localized on bone mesh surface according to Gaussian curvature analysis. Computer
assisted measurement and manual measurement were performed to quantify morphological parameters.
Statistically, measurement results of calcaneal morphology were analyzed. The correlation between each
of morphological parameters was tested using Bivariate-Pearson correlation. Gender differences relate
to parameters were also tested. Intraclass correlation coefficient (ICC) and root mean square standard
deviation (RMS-SD) were performed for reliable and precision study. Significant parameter differences
between males and females were found (p<0.05). Yet, the correlation for each morphology parameters
shows a strong correlation. Overall measurements show acceptable reliability and repeatability
(ICC>0.754). RMS-SD of precision for linear and angular measurement was adequate, around 0.8 mm
and 1.7°. Morphological parameters for both male and female groups, 78.5 mm in length, 42.1 in height,
43.3 mm in width, 112.5° in Gissane angle, 33.4° in Bohler angle, which is not much different compared
to Asian morphology population. The proposed method positively contributes to measurement calcaneal
morphology with significant reliability and repeatability. This study may offer to be a basic data and
reference for assessment calcaneal fracture reduction.
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Introduction

The calcaneus is one of the most frequently injured tarsal bone,
with calcaneal fractures accounting for some 75% been intra-
articular [1-3]. Different techniques have been reported in the
literature to assess the clinical outcomes of calcaneal fractures.
Traditionally, two-dimensional (2D) preoperative radiograph
was compared with postoperative one to evaluate the treatment
of bone fractures. Several researchers reported that the
morphological parameters of the calcaneus include length,
width, height, Gissane and Bohler angles, which may give the
information of injured severity. Most of these parameters are
evaluated with a measurement on a 2D planar radiograph or
computed tomography (CT) images [4-6]. While, if the
calcaneal parameters are directly measured on 2D images, the
values will vary depending on the view of the scanning, rather
than real anatomical landmarks. Moreover, it is hard to repeat
and offer reliable measurement for the same patient. Other
authors employed contralateral calcaneus, cadaver specimens,
and 3D printed calcaneus to study clinical outcomes [7-10].
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However, additional cost, an extra dose of radiation and ethical
issues are significantly involved. The most accurate
morphology measurement is to measure real bones directly on
patients. However, it may be difficult to fulfill this approach as
it requires high skill in operation and a large number of
samples in the study [11,12].

By taking the advantage of medical imaging, analysis, and
computational simulation as a part of computer-assisted
technology, measurements of anatomical parameters in three-
dimensional (3D) space have been implemented to obtain
relevant information [13-16]. It allows calculating the surface,
distance, and angle on a bone model that is directly generated
from CT or magnetic resonance imaging (MRI). This
measurement is accomplished by a computer-assisted method
where the relevant parameters of calcaneal morphology are
calculated by snapping the cursor onto specific points. The
points or distinct regions are addressed on unique shape of the
bone model (anatomical landmarks) manually palpable and
geometrically recognizable. Yet, accurate identification and
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localization of the landmarks on the 3D bone model are tedious
and time-consuming work. Unclear visibility of the unique
points might be the reason for misleading localization and
bringing to the wuncertain placing of landmarks. Prior
knowledge of anatomical landmarks is required as they are
influenced by bone morphology. To improve the localization of
landmarks, some authors applied the surface curvature-based
approach to detect extreme points and geometric features from
which the desired landmarks can be derived [17,18]. There
appear to be not many studies on 3D measurement of calcaneus
morphology with considering the accurate identification of
anatomical landmarks.

In this study, a systematic approach to measure morphological
parameters of the calcaneus is developed. We begin the method
by reconstructing a 3D model of the bone directly from CT
images, called 3D bone model herein. Anatomical landmarks
are identified and placed on the surface 3D triangulated mesh.
The surface curvature analysis method is specifically proposed
to light the unique points or regions for easiness detection and
identification. A method for resetting up the calcaneus model
in 3D space due to the calcaneus is not scanned in the same
position is addressed, which can yield consistency
measurement of the morphological parameters. Finally, an
automatic 3D measurement the morphological parameters for
the calcaneus are performed wusing computer-assisted
measurement. To verify the proposed method, manual
measurement of 3D-printed calcaneus using digital vernier-
caliper and optical compactor were performed. The aim of this
study is to attain a 3D bone measurement method highly
reliable and repeatable for measuring morphological
parameters of the calcaneus in 3D space.

Materials and Methods

Materials

We studied 99 cases of healthy Taiwanese with no history of
calcaneus disease. There were 49 males and 50 females in the
age of 21-58, with an average of 37 years old. Age, height,
weight, and BMI (body mass index) of all samples were also
recorded as part of the morphological parameters of the
calcaneus. All subjects were scanned using clinical CT
(Siemens), with 0.2 mm slice interval between two cross-
sectional images and size 512 x 512 pixels on each image.
Thin-slice CT images of all subjects were saved in Digital
Imaging and Communications in Medicine 3.0 format
(DICOM, .dem), and then input into a computer-assisted
preoperative planning system for 3D model reconstruction.

Methods

3D model reconstruction: A digitized 3D bone model was
reconstructed from a series of CT images using a PC-based
system of computer-aided preoperative planning tools. We
developed the system using DICOM ToolKit The system
operates in a PC-based environment integrating virtual surgery
simulation tools into a single computer program package
(PhysiGuide v2.72.). Reconstruction of 3D bone models was
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performed on a consumer-grade personal computer (Intel®
Core™ i5-4440 CPU, 3.1 GHz processor, 4 GB RAM,
Windows 7 operating system). The system accepts thin slices
CT images and displays 3D images with a volume rendering
technique. A multi-region segmentation was employed to
segment the bone tissue from other tissues. Then, smoothing
and images processing were performed by adjusting threshold
values. The processed images were used to reduce the error
caused by noise and to enhance the boundary pixels before
converted into a mesh model. The process of triangulation and
correction was finally performed to yield the desired 3D bone
model for further preoperative simulation and 3D printing of
fractured bone fragments. Figure 1 depicts the 3D
reconstruction of a calcaneus surrounded by other ankle foot
bones. Different colors are assigned to distinguish each bone.
After the calcaneus is selected, the triangulation and correction
process is performed to yield the desired bone model. Hence,
3D model ready to use either for next simulation virtual
surgery or fabricated using 3D printing technology.

Figure 1. 3D reconstruction of calcaneus. (a) Isosurface calcaneus
model, (b) automatically segmentation from surrounded other ankle
foot bones with different colors and (c) 3D surface model was
converted to triangulation mesh and smoothed process.

In order to measure morphological parameters in space, users
currently measure through several feature points snapped by
cursors. Identifying accurate feature points on a bone surface is
tedious and time-consuming. Also, determining precise feature
points position is quite dependent on the user’s knowledge of
anatomic landmarks. Moreover, positioning the feature points
only based on interactive visual identification may lead to un-
robust and un-repeatable measurement.

Localization anatomical landmarks: Taking the advantage of
the uniqueness in shape characteristic of anatomic bones, the
landmarks could be identified and localized conveniently and
precisely. Currently, anatomical landmarks could be positioned
in two ways, manual and automatic. Identifying and marking
the bone model with manually placed landmarks corresponding
to extreme regions is often used during the surgical procedure.
User interactive approach is most commonly used for
localizing landmarks on a bone model. Qiang et al. [13]
proposed a procedure to manually mark landmarks on the
calcaneal bone surface by an expert operator for measuring the
morphological parameters. Liu et al. [21] presented a method
for identifying landmarks which are guided by the curvature
values on a 3D laser digitized foot model. [22] addressed the
problem of manually positioning anatomical landmarks on a
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3D bone model from MRI images for morphometric analysis.
In summary, manual positioning of landmarks for
morphological measurement is time-consuming, requires prior
knowledge and high-level expertise of training. Also, it may
lack in reliability and repeatability and is prone to errors.

Figure 2. Surface curvature indicator method. (a) A curvature map of

3D anatomical model of calcaneus. (b) Identification and localization
landmarks based on Gauss curvature colors mapping that visualize
extreme texture regions.

For automatic landmark positioning, Jacinto et al. [23] and
Ehrhardt et al. [24] proposed an algorithm for automatic
positioning of landmarks based on a multi-atlas method on an
anatomical structure. Subburaj et al. [17] identified the
landmarks on a knee-bone model by detecting local landmark
regions based on different surface curvature indicators. Even
though, automatic landmark positioning on 3D bone models is
still an active research issue. Fanatomic landmarks
automatically,n approach based on 3D surface curvature
analysis . The accuracy of this approach strongly depends on
the occurred errors during the reconstruction of the 3D bone
model, smoothness and the triangulated-meshes model quality.

Table 1. Point Description of each letter.

Point Descriptions

A The highest point of the calcaneocuboid joint

B The lowest point of the calcaneocuboid joint

C The concave point in inferior surface of the calcaneus body

D The lowest point of the calcaneal tuberosity

E The highest posterior point of the calcaneal tuberosity

F The highest point on the superior edge of the calcaneal tuberosity
G The superior surface of the calcaneal body

H The highest point of the posterior articular facet

The lowest posterior artic. facet at lateral surface intersecting anterior

| process

J The medial surface of the calcaneal body

K The lateral surface of the calcaneal body

L The medial point on the posterior articular facet

M The highest medial point on the sustentaculum tali
N The highest lateral point on the sustentaculum tali
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O The lateral point on the posterior articular facet

In this study, the overall process for identifying and localizing
the anatomical landmarks of a calcaneus is shown in Figure 2.
First, a 3D bone model is reconstructed and geometric errors
during the mesh triangulation are corrected. Then, principal
curvature directions and their derivatives are computed on
every vertex of the bone model. The segregated vertices are
mapped according to a Gaussian curvature and visualized as
per vertex with the different color (Figure 2a). The principal
component analysis (PCA) method is chosen to compute the
principal direction of curvature. Surface fitting on volumetric
data is used to compute the curvature of each vertex on the
mesh model. Gaussian curvature is intrinsic quantity,
depending only on the distances that are measured on the
surface, not on the way it is embedded in Euclidean space [18].
The Gaussian curvature map can divide vertices into different
regions that are differently colored so that anatomical
landmarks can easily be identified and localized. Then,
interactive technique was performed to localize the landmark
points on 3D triangulated-mesh surface using Computer Aided
Design (CAD) software. The anatomical landmarks of a
calcaneus are marked with A to O, as shown in Figure 2b. The
definition of each letter is described in Table 1 [13,25].

Normalizing position and orientation: The 3D models of
different calcaneus subjects cannot directly be used in the
measurement of morphology parameters as their poses are
inconsistent during CT scanning. To set up a consistent
measurement standard, it is necessary to reorient each model so
that all of them can refer to the same reference. A platform
reference was built as guidance to ensure consistent
measurement of the morphology parameters on all subjects.
Figure 3 shows the bone models of a calcaneus before
reorientation (grey color) and after reorientation (blue color)
with respect to a platform reference. To set-up the platform
reference, we explored Melinska et al. and Gutekunst et al.
[27] works.

Figure 4 depicts the detailed procedures of reorienting the bone
model. The initial condition of calcaneus model shows its main
axes in angular and linear are not following to the platform
reference axes, as shown in Figure 4a. For simplification, two
relevant planes on calcaneus model are introduced to meet the
plane orientation of platform references. The 1% plane on the
calcaneus model was created by connecting three unique points
A, B, and E. The 2" plane was defined as a perpendicular
plane of the 15t plane laying down on the anterior process.
Angle o is the angle between the middle axis of 1%t plane on
calcaneus model and the middle axis of the reference platform
plane in the horizontal direction. The angle a is calculated, and
the calcaneus model is rotated around the x-axis direction
according to angle a. Angle B is the angle between the middle
axis of the 2" plane and the middle axis of the reference
platform plane in vertical direction. The angle 3 of calcaneus
model is calculated and rotated around the z-axis direction.
Figure 4b depicts an illustration of generating plane references
and calculating a and B angles. Then, the calcaneus model
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displacement in linear distance along x and y direction also
calculated (Figure 4c). The calcaneus model is translated to set
the middle axis of the calcaneus models of the most posterior
(point E) coinciding with the middle origin axis of the
reference platform in x and y direction. Final position of the
calcaneus model after resetting up the orientation is presented
in Figure 4d.

(2) (b)

Figure 3. Re-orientation 3D model calcaneus refers to platform
reference. (a) Original position of model (gray) and (b) Adjusted
model orientation (blue).

3D calcaneal morphology measurement: We assess the
calcaneal morphology parameters following Qiang et al. [13]
and Kim et al. [25], including linear distances (length, height,
and width) and angles (Gissane’s and Bohler’s). These
parameters were measured directly on the calcaneal model in
3D space. Before conducting the 3D measurement, the accurate
and repeatable points (anatomical landmarks) were identified
and localized to produce the relevant parameters. Seventeen
calcaneus morphology were denoted as measurement

Table 2. Measurement parameters and their descriptions.

Irwansyah/Lai/Lee

parameters, as shown in Figure 5, where thirteen parameters
are linear distances (6 lengths, 4 heights, and 3 breadth) and
four parameters are angles (0, a, B, y), which are described in
Table 2.

Platform Ref. 1

z Platform Ref. 2
X

~ Plane1®

(top view)

(side view)

Figure 4. Procedures of normalized calcaneus model in 3D space. (a)
Original orientation of model refers to platform reference planes. (b)
Compute o angle to rotate the model about X-axis and [ angle
around the Z-axis. (c) Translate the 3D model to setup point E in the
original. (d) Last orientation after alignment.

Abbreviation Measurement parameters

Descriptions

MAXL Max. anteroposterior length Linear distance between point A and E
CBL Calcaneal body length Linear distance between point B to E
MXBH Maximum body height Linear distance between point F and D
MIBH Minimum body height Linear distance between point G and C
CBH Calcaneal body height Linear distance between point H and D
LAL Load arm length Linear distance between point A and H
LPF Length of posterior facet Linear distance between point H and |
LAP Length of anterior process Linear distance between point A and |
CFH Cuboidal facet height Linear distance between point A and B
MXB Maximum breadth Linear distance between point M and N
MIB Minimum breadth Linear distance between point J and K
152 Biomed Res 2019 Volume 1 Issue 30
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DAFB Dorsal artic. facet breadth Linear distance from point L to O

DAFL Dorsal artic. facet length Linear distance between point H and P

5] Gissane’s angle Angular distance on points A, | and H

a Bohler’s angle Angular distance on 180° - B points AHF

B Front angle Angular distance from B planes BD and BF
\% Tuber angle Angular distance from D planes BD and DF

Figure 5. Measurement of calcaneal morphology parameters. (a)
linear distances of relevant parameters in 3D space. (b) Gissane's
angle calculated by the intersection of two anatomical landmark
planes. (c) Bohler’s angle represented by measuring LAHF within
180°.

During the 3D measurement, two of relevant anatomic
landmarks are selected. The two points can provide a segment
for measuring and then two lines forming a space angle could
be measured. The benefit of this approach is that the values of
repetitive measurement can be ensured, and will not be
affected by different views of objects. It also offers possibilities
for the user to rotate and translate the calcaneal model in space
with any viewing angle during the measurement. The
measurement error may have occurred when snapping the
cursor onto the landmark point; it should not be larger than 2
mm and 2° (diameter of the landmark point) [16]. Two
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consecutive of the landmark points were recognized to derive a
line section for measuring a linear distance. In actual
calculation, each of the landmark points has its own 3D
coordinate system either in 2D or 3D view. So, for measuring
linear distance only two landmark points of the calcaneal
morphology parameter were considered. Instantly, the
maximum length of the calcaneus anteroposterior (MAXL) is
calculated according to the distance between point A and E,
denoted as the center line of the calcaneus model (Figure 5a).
For angle measurement, the angle between two planes that
generated parallel to orthonormal vectors of the relevant axis
of the landmark point was performed. Gissane angle is
calculated based on the angle between plane 1 and 2 («£plane
of AIH), as shown in Figure 5b. Plane 1 is the horizontal plane
through the line of point A and point I that parallel to calcaneus
center line and laying down on the anterior process. Plane 2 is
the vertical plane connecting point I and point H, parallel to
posterior talar articular surface. Bohler angle is the angle
between two planes tangent (180°-«plane of AHF), as
presented in Figure Sc. Angle plane of AHF is the angle
between plane 3 (plane AH) and plane 4 (plane HF). Plane 3 is
defined as a plane tangent to the line of the point A and H.
Plane 4 is the plane tangent to the line through point H and
point F. The measurement values were calculated automatically
by computer software MAGICS 13 (Materialize Inc.). In order
to verify the proposed method, we also measured the same
morphological parameters directly on 3D-printed models by
using a digital vernier-caliper and protractor.

Verification of Measurement Method: Twenty calcaneus
samples were selected randomly from ninety-nine samples and
fabricated physically by using 3D printing technology, where
ten of them are shown in Figure 6. All calcaneal models were
fabricated layer by layer using a 3D-printer, (Lulzbot Taz 5,
Aleph Objects Inc., USA). The slicing parameters of the 3D
printing were set up by default software (LulzBot Cura, 21.04)
to generate numerical controller (NC) tool paths. The filament
material was Polylactic Acid (PLA) with a diameter of 2.85
mm. The parts were built by depositing the semi-molten
material in form of layers with 0.2 mm constantly in each
layer. Then, anatomic landmarks were manually marked on
3D-printed models similar to the location as in computer
measurement. The landmarks were used to attain measurement
reliability and reproducibility. A digital vernier-caliper
(Mitutoyo absolute 500-196-20 digital caliper, 0-6" range,
Mitutoyo Corp., Japan) and a protractor (Universal Bevel
Protractor Mitutoyo absolute 187-101, Mitutoyo Corp., Japan)
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were used to measure the calcaneal morphology parameters
directly on 3D-printed models.

Figure 6. 3D-printed models of calcaneus for manually measurement.

Statistical analysis: The 3D measurement of morphological
data was analysed using statistical package for the social
science version 23.0 for windows software (SPSS Inc., IL,
USA). Then all data of 3D measurement were analysed
statistically. The gender differences including age, height,
weight, and body mass index (BMI) in 3D morphological
parameters were evaluated using the independent samples t-
test. Normal distributed measurement data were represented
with mean value, standard deviation for each morphological
parameter.

The bivariate-Pearson correlation analysis was also employed
to analyse the correlation between morphological parameters.
In addition, paired samples t-test was performed to validate the
proposed method by comparing the difference in 3D manual
measurement and manual measurement. A p-value of less than
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0.05 was considered statistically significant. Reliability of the
morphological parameters was assessed using intra-class
correlation coefficient (ICC). The root-mean square standard
deviation (RMS-SD) was calculated and used to assess 3D
measurement precision. In the RMS-SD equation, the SD
calculation was only repeated once in which the measurement
of the 99 subjects. The RMS-SD equation is shown below:

Results

Overall 3D morphological parameters of calcaneus and two
different gender groups are shown in Table 3. Statistically,
normal distributed measurement data were represented with
mean value, standard deviation for each morphological
parameter. Minimum and maximum morphological parameters
were recorded to observe the deviation interval of
measurements. There were significant differences in calcaneus
morphology related to gender groups (P<0.05). In comparison
to both groups, the average of calcaneal length (MAXL),
height (MXBH), width (MXB), Gissane’s angle and Bohler’s
angle were greater in the male group than those in the female
group. The mean values of the remained parameters for males
were slightly greater than those of females, except for the
Bohler’s angle (o). T-test analysis was performed
independently for each linear distance and angle for both male
and female samples. The mean value of MAXL was (82.4 mm
+ 4.3 mm) in male group and (73.8 mm = 3.5 mm) in female
group; the mean value of MXBH was (44.5 mm = 2.8 mm) in
male group and (39.7 mm = 3.2 mm) in female group; the
mean value of MXB was (45.9 mm + 2.9 mm) in male group
and (41.4 mm + 3.3 mm) in female group; the mean Gissane’s
angle was (112.9° £ 6.1°) in male group and (112.0° + 5.4°) in
female group; and mean value of Bohler’s angle was (33.9° +
4.0°) in male group and (33.0° £ 4.0°) in female group.

Table 3. Three-dimensional morphological parameters of calcaneus in different gender groups.

Subject parameters Total (n-99) Males (n=49) Females (n=50)
Mean * Range p- t- Mean * Range p- t- Mean * Range p- t-
SD Value Value SD Value Value SD Value  Value
Age (years) 37.3+99 353-39.3 0.015 373 40.7+8.2 21-58 0.503 34.5 33.9 + 21-57 <0.005 229
10.5
Height (m) 166.1 + 150.5-185. 0.336 2049 1655 + 150-180 0.458 161.7 1666 + 150-185 0.362 1324
8.1 0 7.2 8.9
Weight (kg) 67.2 + 37.4-105.0 0.049 484 74+145 43-105 0.134 326 66.9 + 37-90 0.118 35.7
13.8 13.3
Body Mass Index (BMI) 242+39 145-359 0.047 613 244+41 183-359 0.071 421 239+3.8 145344 0596 444
MAXL=Max. length 78.1+58 65.2-914 0.271 1332 824143 713914 0.905 1021 73.8+3.5 652-83.1 0950 87.5
anteroposterior
CBL=Calcaneous Body Length 729+58 60.8-86.8 0.089 1247 772144 67.9-86.8 0512 948 68.1+3.7 60.8-78.2 0.721 82.3
MXBH=Maximum Body Height 421+3.9 315-51.2 0.770 1082 445+28 388-51.2 0369 819 39.7+32 315463 0952 723
MIBH=Minimum Body Height 37.7+33 28.6-455 0.396 1146 399+24 353-455 0317 812 355+24 286-422 0438 813
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CBH=Calcaneus Body Height 48.3+4.3 37.6-582 0.727 1119 51.2+32 465582 0.142 915 455+3.2 37.6-52.1 0.748 705
LAL=Long Arm Length 39.2+36 31.6-474 0.131 1081 41927 34.9-474 0546 822 36.7+23 31.6-420 0953 714
LPF=Length of Posterior Facet 256+3.1 19.7-33.3 0.038 818 276+26 228-33.3 0.338 60.9 235+2.0 19.7-275 0402 551
LAP=Length of Anterior Process 21.5+26 16.7-27.9 0.458  82.3 223+28 17.1-279 0813 634 20.8+2.2 16.7-257 0413 539
CFH=Cuboidal Facet Height 232+25 17.1-305 0.824 905 248+22 19.6-30.5 0503 61.1 21.7+18 17.0-255 0.680 659
MXB=Maximum breadth 43.7+3.9 36.1-52.1 0.072 1111  459+29 374-522 0.130 728 41.4+33 36.7-493 0.168 847
MIB=Mnimum breadth 255+2.8 19.9-32.7 0.200 88.8 269+24 224-327 0493 638 241+26 19.8-32.7 0.031 62.1
DAFB=Dorsal Articular Facet 304 +3.2 23.1-41.0 0.800 934 321+26 27.0-410 0214 628 28.7+2.8 23.1-354 0.018 689
Breadth
DAFL=Dorsal Articular Facet 26.3+28 20.9-33.9 0.015 923 211+£25 220-339 0.156 629 248+23 209-31.8 0.050 67.2
length
©=DAIH=Gissane's angle 112.5 + 101.4-127. 0.156 1942 1129 + 101.9-127. 0.321 1274 1120 + 101.4-125. 0.398 147.7
5.1 1 6.1 1 54 7
a=180°-DAHF=Bohler's angle 334+40 23.0428 0.262 819 33.9+4.0 252-428 0.491 55.9 33.0+4.0 229421 0442 596
B=Front angle 36.8+3.3 219455 0.129 109.3 36.9+33 21.9-423 0.013 943 36.5+34 293455 0887 68.1
y=Tuber angle 784+38 69.8-86.9 0293 2019 783%3.7 69.9-86.5 0.191 129.7 785+39 70.3-869 0.772 162.6

The Bivariate-Pearson correlation analysis was performed for
all morphological parameters including age and BMI. The
correlation analysis results for both male and female groups are
presented in Table 4. The results of male group were as
follows: age was significantly correlated with length MAXL
(r=-0.437, p<0.01), CBL (r=-0.396, p<0.01), CFH (r=-0.463,
p<0.01) and y angle (r=-0.372, p<0.01). However, BMI was
not significantly correlated with all parameters. Length
(MAXL) was strong significantly correlated with CBL
(r=-0.907, p<0.01), MXBH (=-0.509, p< 0.01), MIBH
(r=-0.485, p<0.01), CBH (r=0.607, p<0.01), LAL (r=0.528,
p<0.01), LPF (r=0.367, p<0.01), LAP (r=0.397, p<0.01), CFH
(r=0.599, p<0.01), MIB (r=0.607, p<0.01), and DAFB
(r=0.531, p<0.01). Height (MXBH) was significantly
correlated with MIBH (r=0.722, p<0.01), CBH (1r=0.568,
p<0.01), CFH (r=0.390, p<0.01), MIB (1=0.395, p<0.01), and B
angle (r=0.498, p<0.01). Width (MXB) was only significantly
correlated with MIB (r=0.374, p<0.01) and DAFB (r=0.443,
p<0.01). Gissane’s angle (6) and Bohler’s angle (o) were not
correlated with other parameters. The correlation analysis
results of female group were as follows: age was only
significantly correlated with BMI (r=0.421, p<0.01). BMI was

not significantly correlated with other parameters. Length was
strong significantly correlated with distance parameters except
for all angle parameters. Height (MXBH) was significantly
correlated with MIBH (r=0.792, p<0.01), CBH (1=0.719,
p<0.01), LAL (r=0.378, p<0.01), MXB (r=0.384, p<0.01), and
B angle (r=0.778, p<0.01). Width (MXB) was significantly
correlated with MIB (r=0.543, p<0.01), DAFB (r=0.492,
p<0.01), and DAFL (r=0.485, p<0.01). Gissane’s angle (0) and
Bohler’s angle (o) were not correlated with other parameters.

The intra-observer reliability of the main morphological
parameters presents ICC values range from 0.739 to 0.997. The
calcaneus distances reliability of the MAXL (0.987 to 0.997)
was greater than the reliability of the MXBH (0.893 to 0.956),
and the MXB (0.809 to 0.873). For calcaneus inclination
angles, the reliability of the Gissane’s angle (0.127 to 0.136) is
lower than Bohler’s angle (0.739 to 0.745) due to the difficulty
in precise measurement. The intra-observer RMS-SD of the 3D
calcaneus morphology measurements, MAXL, MXBH, MXB,
Gissane’s angle, and Bohler’s angle was calculated. The RMS-
SD values for linear distances and angles were lower than 0.8
mm and 1.7°, respectively.

Table 4. Bivariate-Pearson correlation analysis of calcaneal morphology parameters for 99 cases [28].

Male (n=49)
Age BMI MAXL CBL MXB MIBH CBH LAL LPF LAP CFH MXB MIB DAFB DAFL © a B v
H
Fem Age 0.04 -0.437 -0.396 -0.18 -0.24 -0.28 -0.32 -0.14 -0.285 -0.463 -0.16 -0.21 -022 -0.33 -0.0 -0.0 0.258 -0.372
ale 3 *x *x 1 2 5* 5* 9 * *x 0 8 0 9* 16 58 **
(n=5
0) 0.76 0.002 0.005 0.213 0.094 0.047 0.023 0.308 0.047 0.001 0.273 0.133 0.129 0.017 091 0.69 0.074 0.008
7 2 1
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BMI  0.421 0.128 0.140 -0.00 0.222 0.028 -0.02 0.240 -0.158 0.186 0.157 0.005 0.224 -0.57 -01 -0.0 -0.08 0.205
** 4 2 43 55 5
0.002 0.382 0.338 0.979 0.125 0.846 0.879 0.097 0.277 0.201 0.280 0.974 0.121 0.699 0.32 0.71 0.562 0.157
6 0
MAX 0.051 0.18 0.907* 0.509 0.485 0.607 0.528 .367** 0.397* 0.599* 0.242 0.381 0.531 0.299 -0.0 -0.1 -0.08 -0.128
L 6 * *x ok o ok * * x ok o 68 91 8
0.723 0.19 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.000 0.094 0.007 0.000 0.037 0.64 0.19 0.550 0.379
5 0 0
CBL 0.144 .315* 0.872* 0.512 0.410 0.600 0.358 0.270 0.229 0.437* 0.244 0.300 0.403 0.277 -0.0 -0.1 -0.12 -0.205
* ok ke ok * * n ok 17 84 8
0.320 0.02 0.000 0.000 0.003 0.000 0.012 0.061 0.114 0.002 0.091 0.036 0.004 0.054 0.90 0.20 0.380 0.159
6 8 6
MXB 0.217 0.20 0.433* 0.419* 0.722 0.568 0.226 0.227 0.141 .390** 0.320 0.391 0.338 0.208 -0.0 -0.2 0.498 -0.048
H 3 * * ok o * x * 90 62 ok
0.131 0.15 0.002 0.002 0.000 0.000 0.118 0.116 0.334 0.006 0.025 0.005 0.017 0.152 0.53 0.06 0.000 0.746
7 7 9
MIBH -0.02 0.19 0.490* 0.404* 0.792 0.594 0.280 .409** 0.102 0.605* 0.277 0.433 0.536 0.202 -0.1 -0.0 0.388 0.249
3 3 * * - . * o ** 86 71 *h
0.874 0.18 0.000 0.004 0.000 0.000 0.052 0.003 0.485 0.000 0.054 0.002 0.000 0.165 0.20 0.63 0.006 0.084
0 1 0
CBH 0.149 0.13 0.478* 0.403* 0.719 0.579 0.181 0.225 0.217 0.493* 0.282 0.260 0.375 0.144 -0.2 0.20 0.208 -0.165
5 * * o *h * ok ** 15 3
0.301 0.34 0.000 0.004 0.000 0.000 0.214 0.12 0.134 0.000 0.050 0.071 0.008 0.325 0.13 0.16 0.151 0.258
8 9 3
LAL 0.023 0.14 0.692* 0.542* 0.378 0.540 0.209 0.556 0.487* 0.397* 0.141 0.328 0.225 0.336 0.25 0.17 -0.05 -0.070
0 * * . *h o * * n * 4 4 5
0.875 0.33 0.000 0.000 0.007 0.000 0.145 0.000 0.000 0.005 0.335 0.021 0.121 0.018 0.07 0.23 0.708 0.630
4 9 2
LPF  -0.03 0.23 0.497* 0.376* 0.305 0.458 0.062 0.734 -0.216 0.274 0.230 0.319 0.317 0427 -0.1 0.12 0.003 -0.109
7 3 * * *x ok ok * ok ok 79 7
0.800 0.10 0.000 0.007 0.031 0.001 0.667 0.000 0.137 0.056 0.112 0.026 0.026 0.002 0.21 0.38 0.983 0.455
3 8 5
LAP  0.248 -0.35 0.449* 0.300* 0.227 0.245 0.410 0.445 0.077 0.297* -0.011 0.065 0.118 0.026 -0.1 0.08 0.046 0.015
* ok o 24 9
0.083 0.81 0.001 0.034 0.112 0.087 0.003 0.001 0.595 0.038 0.939 0.656 0.418 0.859 0.39 0.54 0.751 0.917
0 7 2
CFH -0.22 -0.03 0.427* 0.273 0.330 0.446 0.369 0.284 0.349 0.157 0.262 0.238 0.413 0.197 -0.1 -0.0 -0.08 0.294*
3 * * ok o * x *x 06 68 3
0.124 0.82 0.002 0.055 0.019 0.001 0.008 0.045 0.013 0.276 0.069 0.099 0.003 0.174 0.46 0.64 0.570 0.040
3 9 1
MXB -0.02 0.06 0.491* 0.510* 0.384 0.472 0.455 0.355 0.318 0.209 0.361* 0.374 0.443 0.361 -0.1 0.00 -0.14 0.021
3 8 * * - ok P * " - ** * 42 4 3
0.876 0.63 0.000 0.000 0.006 0.001 0.001 0.011 0.025 0.144 0.010 0.008 0.001 0.011 0.33 0.98 0.326 0.887
9 0 0
MIB  0.101 0.13 0.445* 0.370* 0.361 0.292 0.434 0.214 0.228 0.158 0.097 0.543 0.642 0.503 0.05 -0.0 -0.01 0.086
0 * * * N * * ** ok 5 99 6
0.483 0.36 0.001 0.008 0.010 0.040 0.002 0.136 0.112 0.274 0.501 0.000 0.000 0.000 0.70 0.49 0.914 0.556
7 7 7
DAF  0.021 0.31 0.463* 0.324* 0.345 0.436 0.462 0.294 0476 0.186 0.257 0.492 .635** 0.366 -0.1 -0.0 -0.01 0.157
B 6* * * * *h P * o o o 73 87 9
0.883 0.02 0.001 0.022 0.014 0.002 0.001 0.038 0.000 0.196 0.071 0.000 0.000 0.010 0.23 0.55 0.895 0.282
5 4 2
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DAFL 0.043 0.31 0.501* 0.391* 0.345 .498** 0.385 .444* 0477 0.023 0.249 0.485 0.529 0.629 -0.1 -0.0 -0.10 -0.061
9* * * o *x o o o > 47 31 3
0.767 0.02 0.000 0.005 0.014 0.000 0.006 0.001 0.000 0.874 0.081 0.000 0.000 0.000 0.31 0.83 0483 0.677
4 4 0
(S} -0.21 006 0.084 0.160 -0.05 0.078 -0.23 0.227 0.022 -0.429 -0.048 -0.03 -0.20 -0.18 -0.03 0.06 -0.13 -0.020
2 2 1 * 1 1 3 5 3 4
0.143 066 0.561 0.267 0.719 0.590 0.106 0.113 0.882 0.002 0.741 0.832 0.162 0.203 0.809 0.66 0.359 0.891
7 7
a 0.068 -0.09 -0.202 -0.176 -0.04 -0.03 0.270 -0.114 -0.23 0.166 -0.258 0.111 -0.12 0.052 -0.05 -0.0 -0.08 -0.119
5 7 1 6 1 1 41 1
0.688 0.51 0.160 0.221 0.747 0.832 0.058 0.431 0.099 0.249 0.071 0442 0403 0.719 0.725 0.77 0.582 0.414
0 9
B 0.123 0.11 -0.036 -0.137 0.778 0.562 0.582 -0.00 0.032 0.020 0.081 0.075 0.237 0.243 0.218 -0.1 0.06 -0.033
ok ok *x 1 84 5
0.394 0.44 0.805 0.344 0.000 0.000 0.000 0.995 0.825 0.891 0.576 0.607 0.098 0.089 0.128 0.20 0.65 0.823
7 2 2
\% 0.011 0.00 0.043 0.041 -0.02 0.073 0.008 0.215 0.301 -0.019 0.280* 0.044 -0.01 0.173 0.160 0.09 -0.0 -0.18
9 7 * 8 0 48 0
0.939 095 0.767 0.777 0.851 0.615 0.954 0.134 0.034 0.897 0.049 0.761 0.899 0.230 0.268 0.53 0.74 0.211
1 6 1

*p<0.05, **p<0.01 (the bold text is p-value, and the regular text is Pearson Corrrelation Coefficient)
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Figure 7. Comparison of calcaneal morphology parameters between
manual measurement and computer-assisted measurement.

Paired t-test was performed for computer-assistive
measurement on the 3D model and manual measurement on
the 3D-printed calcaneus. Statistical analysis results show that
p values for each parameters, MAXL (p=0.026), MXBH
(p=0.022), CBH (p=0.002), LAL (p=0.001), CFH (p=0.016), 6
angle (p=0.000), a angle (p=0.012), and y angle (p=0.000)
were less than 0.05 (p<0.05). Jamali et al. [16] reported that the
computer-assisted measurement would be valid and accurate
within a threshold 2 mm or 2° compared to a gold standard.
The probability of parameter differences in the two methods is
not significant. Therefore, the computer-assisted measurement
can be used to replace manual measurement. Figure 7 presents
the comparison of morphological parameters results for both
manual and computer-assisted measurements. It indicates that
those parameters were not significant difference under the two
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measurements. Therefore, computer-assisted measurement can
be used to substitute manual measurement.

Discussion

Calcaneal fractures are the most commonly injured tarsal bone.
They are usually caused by axial loading trauma, as from a fall
or a motor vehicle accident. About 60-75% of all calcaneal
fractures are displaced intra-articular fractures. Several related
works on calcaneus fractures suggest that a better reduction
provides better outcome results. Pre- and post-operative
radiographs were often used as a tool to assess bone fracture.
However, this method is based on two-dimensional which is
still have some limitations and brings error-prone in process.
3D morphological characteristics of calcaneus could be used
for optimal evaluation with reliable measurements.

In this study, a systematic method for measuring the 3D
morphological parameters of the calcaneus has been developed
with the advance of computer-assisted technology. In our
previous study [28], we have taken a morphology measurement
of 99 healthy calcanea. Based on the limitations of the
measurement approach in [28], we extend the measurement
method by applying the anatomical landmark in combination
with plane platform reference for distance and angles
measurement. Similar works have been reported that applied
3D measurement techniques by considering the essential point,
line, and surface to measure relevant parameters in 3D space
based on a CT-image based post-processing technique
[13,29,30,31]. However, their techniques selected the
anatomical landmarks based on visualization indicators by
experts and did not verify the measurement method either. For
our method, the bone surface curvatures were explored as
guidance for the user to recognize and place the landmarks in a
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3D environment. In this study, the calcaneal distances were
measured precisely by snapping the cursor point on the reliable
landmark that defined in 3D space. For inclined angles
measurement, additional planes were employed in a parallel
manner with the inclined lines. The intersecting angle between
two planes may roughly be defined as a representative of the
inclination angle of the calcaneus.

An adequate comparison to Asians population of calcaneal
morphology; Korean is 77.2 mm in length, 46.9 in height, 41.4
in width, and 39.1° in Bohler angle [25]. Chinese is 68.6 mm
in length, 33.9 in minimum height, and 40.6° in Bohler angle
[32]. Japan is 70.8 mm in length, 41.3 in minimum height, and
38.1 in width [33]. Our measurement results are not drastically
different; calcaneus length is 78.5 mm, height is 42.1 mm,
width is 43.3 mm, Gissane’s angle is 112.5 + 5.7°, and
Bohler’s angle is 33.4 £ 4.0°. We found that Gissane’s angle is
inconsistent with Essex-Lopresti study, whereas the angle
varies between 120 and 145° [34]. However, Bohler’s angle is
in the range as stated by Bohler [35], with a normal range from
25° to 40°.

This study has several potential limitations. First, the success
of our study depended on minimum errors that occur during the
3D bone model reconstruction and its mesh quality generation.
They significantly affect the correctness of surface curvature
identification for precise placement of the anatomical
landmarks. Second, although the extreme points or regions
have been clear to be identified, the landmarks placement is
still a labor work. In the future, we dealt with automatic
positioning of anatomical landmarks. Third, the inconsistency
of inclination angle measurement might exist, particularly
Gissane’s angle. In this study, we introduced reference planes
that built up from connecting the main anatomical landmarks
to deal with the angle measurement. Our aim is to set a
systematic technique for 3D measurement of calcaneal
morphology parameters with high reliability and repeatability.

Conclusions

This study presents that 3D morphological measurements of
the calcaneus have demonstrated significant reliability and
reproducibility. By applying surface curvature indicator that
extracted from the 3D model surface for anatomical landmark
identification and localization increasing the user’s visibility
and repeatability to measure morphological parameters in
space. In measurement method, a combination between
anatomical landmark and plane platform references were used
for distance and angles measurement in order to minimize the
measurement errors. The calcaneal morphology parameters,
length (MAXL), height (MXBH), width (MXB), Gissane’s
angle and Bohler’s angle are found differences between male
group and female group. However, the correlation for each
morphology parameters shows a strong correlation and
presently acceptable reliability and repeatability measurement
(ICC>0.754). In comparison to the Asian population, the
morphological parameters from the proposed measurement
technique are not significant differences. Moreover, by
verifying with manual measurement on 3D printed calcaneus,
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the results nearly close. Hence, the computer-assisted
measurement can be used to substitute manual measurement.
This study might offer the basic data and reference for
evaluating the correctness of the calcaneal fracture reduction.

References

1. Egol KA, Koval KJ, and Zuckerman JD. Lower extremity
fractures and dislocations. In: Handbook of fractures.
(Fourth edn), Philadelphia: Wolters Kluwer/Lippincott
Williams & Wilkins Health 2010; 420-428.

2. Daftary A, Haims AH, Baumgaertner MR. Fractures of
the calcaneus: a review with emphasis on CT.
Radiographics 2005; 25: 1215-1226.

3. Schepers T, Ginai AZ, Mulder PG, Patka P. Radiographic
evaluation of calcaneal fractures: to measure or not to
measure. Skeletal Radiol 2007; 36: 847-852.

4. Barei DP, Bellabarba C, Sangeorzan BJ, Benirschke SK.
Fractures of the calcaneus. Orthop Clin North Am 2002;
33:263-285, x.

5. Sanders R. Displaced intra-articular fractures of the
calcaneus. J Bone Joint Surg Am 2000; 82: 225-250.

6. Razik A, Harris M, Trompeter A. Calcaneal fractures:
Where are we now? Strategies Trauma Limb Reconstr
2018; 13: 1-11.

7. Guerado E, Bertrand ML, Cano JR. Management of
calcaneal fractures: what have we learnt over the years?
Injury 2012; 43: 1640-1650.

8. Dingemans SA, Sintenie FW, de Jong VM, Luitse JSK,
and Schepers T. Fixation methods for calcaneus fractures:
a systematic review of biomechanical studies using
cadaver specimens. J Foot Ankle Surg 2018; 57: 116-22.

9. Gusic N, Fedel I, Darabos N, Lovric Z, Bukvic N, Bakota
B, and Lemac D. Operative treatment of intra-articular
calcaneal fractures: anatomical and functional outcome of
three different operative techniques. Injury 2015; 46:
S130-S133.

10. Zheng W, Tao Z, Lou Y, Feng Z, Li H, Cheng L, Zhang H,
Wang J, Guo X and Chen H. Comparison of the
conventional surgery and the surgery assisted by 3D
printing technology in the treatment of calcaneal fractures.
J Invest Surg 2017; 1-11.

11. Lv L, Meng G, Gong H, Zhu D, and Zhu W. A new
method for the measurement and analysis of three-
dimensional morphological parameters of proximal male
femur. Biomed Res 2012; 23: 219-226.

12. Park N1, Lee J, Sung KH, Park MS, Koo S. Design and
validation of automated femoral bone morphology
measurements in cerebral palsy. J Digit Imaging 2014; 27:
262-269.

13. Qiang M, Chen Y, Zhang K, Li H, and Dai H.
Measurement of  three-dimensional —morphological
characteristics of the calcaneus using CT image post-
processing. J Foot Ankle Res 2014; 7: 19.

Biomed Res 2019 Volume 1 Issue 30



A reliable method for morphological measurement of 3D calcaneus models from computed tomography images

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Sun SP, Chou YJ, and Sue CC. Full-scale 3D preoperative
planning system for calcaneal osteotomy with a
multimedia system. J Foot Ankle Sur 2009; 48: 528-39.
Chen YX, Lu XL, Bi G, Yu X, Hao YL, Zhang K, Zhou
LL, Mei J, Yu GR. Three-dimensional morphological
characteristics measurement of ankle joint based on
computed tomography image post-processing. Chinese
Med J 2011; 124: 3912-3918.

Jamali AA, Deuel C, Perreira A, Salgado CJ, Hunter JC,
and Strong EB. Linear and angular measurements of
computer-generated models: are they accurate, valid, and
reliable? Comput Aided Surg 2007; 12: 278-285.

Subburaj K, Ravi B, and Agarwal M. Automated
identification of anatomical landmarks on 3D bone
models reconstructed from CT scan images. Comput Med
Imaging Graph 2009; 33: 359-368.

Cerveri P, Manzotti A, Marchente M, Confalonieri N, and
Baroni G. Mean-shifted surface curvature algorithm for
automatic bone shape segmentation in orthopedic surgery
planning: A sensitivity analysis. Comput Aided Surg
2012; 17: 128-141.

Lee PY, Lai JY, Yu SH, Huang CY, Hu YS and Feng CL.
Computer-assisted fracture reduction and fixation
simulation for pelvic fractures. ] Med Biol Eng 2013; 34:
368- 376.

Irwansyah, Lai JY, and Lee PY. Development and clinic
study of an integrated preoperative planning system for
orthopedic surgery. Proc of the XIV Int Symp on 3D
Analysis of Human Movement, Taiwan 2016; 141-44.

Liu X, Kim W, and Drerup B. Foot 3D characterization
and localization of anatomical landmarks of the foot by
FASTscan. Real-Time Imag 2004; 10: 217-228.

Van Sint Jan S. Colour atlas of skeletal landmark
definitions: guidelines for reproducible manual and virtual
palpations. Churchill Livingstone, Elsevier; 2007.

Jacinto H, Valette S, and Prost R, Multi-atlas automatic
positioning of anatomical landmarks, J Vis Commun
Image Represent 2018; 50: 167-177.

Ehrhardt J, Handels H, Strathmann B, Malina T, P16tz W,
Poppl SJ. Atlas-based recognition of anatomical structures
and landmarks to support the virtual three-dimensional
planning of hip operations. Ellis RE and Peters TM (Eds):
MICCAI 2003, LNCS 2878, Springer-Verlag Berlin
Heidelberg 2003; 17-24.

Kim DI, Kim YS, Lee UY, Han SH. Sex determination
from calcaneus in Korean using discriminant analysis.
Forensic Sci Int 2013; 228: 177.

Biomed Res 2019 Volume 1 Issue 30

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Melinska AU, Romaszkiewicz P, Wagel J, Sasiadek M,
and Iskander DR. Statistical, morphometric, anatomical
shape model (atlas) of calcaneus. PLOS ONE 2015; 10:
¢0134603.

Gutekunst DJ, Liu L, Ju T, Prior FW, and Sinacore DR.
Reliability of clinically relevant 3D foot bone angles from
quantitative computed tomography. J Foot Ankle Res
2013; 6: 38-10.

Irwansyah, Lai JY, Essomba T and Lee PY. Measurement
and analysis of calcaneus morphometric parameters from
computed tomography images. Proc of the Sth Int Conf on
Biomedical and Bioinformatics Eng, Japan 2018; 59-63.
Jia X, Chen Y, Qiang M, Zhang K, Li H, Jiang Y and
Zhang Y. Compared to X-ray, three-dimensional
computed tomography measurement is a reproducible
radiographic method for normal proximal humerus. J
Orthop Surg Res 2016; 11: 1-7.

Zhang Y, Chen Y, Qiang M, Zhang K, Li H, Jiang Y, Jia
X. Comparison between three-dimensional CT and
conventional radiography in proximal tibia morphology.
Medicine (Baltimore) 2018; 97: 11632.

Chen Y, Qiang M, Zhang K, Li H and Dai H. A reliable
radiographic measurement for evaluation of normal distal
tibiofibular syndesmosis: a multi-detector computed
tomography study in adults. J Foot Ankle Res 2015; 8:
1-10.

Zhang K, Fan F, Tu M, Wang YH, and Deng ZH.
Estimation of stature and sex from calcaneal
measurements in Chinese. Aust J Forensic Sci 2017; 49:
69-77.

Sakaue, K. Sex assessment from the talus and calcaneus
of Japanese. Bull Natl Mus Nat Sci Ser 000 2011; 37: 35—
48.

Gissane W. News notes: proceedings of the British
Orthopedic Association. J Bone Joint Surg Am 1947; 29:
254-5

Bohler L. Diagnosis, pathology, and treatment of fractures
of the os calcis. J Bone Joint Surg Am 1931; 13: 75-89.

%
Correspondence to:

Jiing-Yih Lai

Mechanical Engineering Department,

National Central University, Taoyuan,

Taiwan

159



	Contents
	A reliable method for morphological measurement of 3D calcaneus models from computed tomography images.
	Abstract
	Keywords:
	Accepted on January 29, 2019
	Introduction
	Materials and Methods
	Materials
	Methods

	Results
	Discussion
	Conclusions
	References
	*Correspondence to:


