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Abstract. - OBJECTIVE: Clubfoot is a com-
plex congenital three-dimensional foot defor-
mity, which affects 150,000-200,000 newborn
babies annually around the world. A good un-
derstanding of the alignment of the two osseous
columns and the lower leg of the ankle and foot
complex is essential for evaluating the severi-
ty of clubfoot. The purposes of this study were
to (1) develop an automated three-dimensional
(3D) surface model of severe clubfoot based on
two-dimensional (2D) slices of computed tomog-
raphy (CT) images, (2) evaluate the alignment of
foot bones relative to the ankle in severe club-
foot, and (3) examine the structural changes in
the shape of the clubfoot.

PATIENTS AND METHODS: Two-dimension-
al CT image was taken from a four-year-old child
with a severe clubfoot. Subsequently, an automat-
ed and detailed 3D surface model of the severe
clubfoot was developed from the 2D images by us-
ing MATLAB software programming. Then, the x,
y, and z coordinate angles were automatically cal-
culated for each bone in the foot relative to the an-
kle (lower end of the tibia) to determine the orienta-
tions and relationships among the bones.

RESULTS: The relative position or orientation
of each bone of the foot to the ankle of the se-
vere clubfoot was objectively measured which
was used to determine the orientation of each
bone in the foot. Among the x, y, and z axes of
the interested tarsal bones, the z axis represents
the smallest moment of inertia, and the results
showed that the bones in the x axis shifted me-
dially with higher relative angle.

CONCLUSIONS: This 3D objective measure-
ment method for assessing clubfoot can be used
to determine and classify the severity of clubfoot,
as well as evaluate and monitor the progress of
the clubfoot intervention based on the relative
position of the tarsal bones. The method can al-
so be used to quantify the relationship between

the tarsal bones of the foot and lower end of the
tibia. In addition, angular measurements can be
used to assess other pathological conditions of
the foot such as pes cavus and pes planus.
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Introduction

Clubfoot is a three-dimensional (3D) muscu-
loskeletal foot deformity that affects 150,000-
200,000 newborn babies annually around the
world!. This condition is characterized by four
types of foot deformities: midfoot cavus, forefo-
ot adductus, and hindfoot varus and equinus**.
The evaluation of the anatomical structure and
alignment of the tarsal bones is essential for un-
derstanding the severity and structural changes of
clubfoot. A number of methods have been used
to evaluate clubfoot deformity, such as clinical,
radiological, functional, biomechanical, and ima-
ging methods (computed tomography (CT), ul-
trasound (US), and magnetic resonance imaging
(MRI)*'°. However, none of the methods are ac-
cepted as a universal assessment tool for evalua-
ting severity of clubfoot”!?.

The anatomical structural changes of clubfoot
have been widely discussed in previous literatu-
re. For example, malalignment of the tarsal bones,
joints, ligaments and other soft tissues'*"”, changes
in alignment of talonavicular joint>® and atypical
morphology of talus?®. Cahuzac et al* examined
the osseous and cartilaginous relationships of ta-
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lus and calcaneus bones in clubfoot. Ippolito et
al*? used volumetric magnetic resonance imaging
(VMRI) and found differences in the volume and
length of three muscle compartments (anterior, la-
teral and postero-medial muscular compartments)
in the lower limb with a clubfoot deformity. Bhar-
gava et al?® applied US to explore the medial di-
splacement of navicular in relation to head of talus;
thickness of soft tissue in the medial and posterior
aspects of foot; position of the neck and head of
talus; distance between the calcaneus and cu-
boid, calcaneus, and length of the talus; distance
between the calcaneus-ossification centre and the
metaphysis of tibia; and Achilles tendon. Kruse et
al** found an absence of posterior tibial artery in a
magnetic resonance angiography test of the lower
leg vasculatures. Some studies have investigated
the length of the tibia and fibula along with the
muscles, soft tissues, and anomalies of the arte-
ries in clubfoot?>?¢, and calculated the tibiofibular
torsion angle?’. Some of the biomechanical studies
have also described the involvement of joints in the
foot and osseous columns in clubfoot deformities.
For example, talus, navicular, calcaneus, and cu-
boid bones are directly related to adductus, cavus,
and varus deformities, especially at the mid-tarsal
joints'®. Equinus deformity usually occurs at talo-
crural and talonavicular joints, and forefoot'*. Ana-
tomically, ankle joint includes three joints, namely
subtalar (talocalcaneal), talocrural (tibiotalar) and
transverse-tarsal (talocalcaneonavicular) joints®.
The talus, navicular, three cuneiforms, and first
three metatarsals bones are in the medial osseous
column, while the calcaneus, cuboids, and fourth
and fifth metatarsals are located in the lateral osse-
ous column. Abnormalities of the osseous columns
and bones of the ankle joint are commonly seen in
clubfoot deformity®. Therefore, a thorough under-
standing of the alignment of bones of the medial
and lateral osseous columns, and lower leg of the
ankle and foot complex is essential for evaluating
the severity of clubfoot.

Previous imaging studies?****3? have employed
objective measurement methods to measure diffe-
rent angles, such as the anteroposterior talocalca-
neal and calcaneocuboid angles, to determine the
severity of the clubfoot. CT imaging also provides
a better understanding of the abnormalities of the
size and shape of the tarsal bones such as talus and
calcaneus, and other tarsal bones. However, to the
best of our knowledge, there are no studies that
have examined each bone-to-bone relationships in
the foot and ankle complex, and the bone-to-bo-
ne position in relation to the hindfoot, midfoot,

and forefoot bones of the clubfoot. Specifically,
alignment/position of the tarsal bones of the foot
(talus, calcaneus, cuboid, metatarsal, and proxi-
mal and distal phalanges) in relation to the bones
of the lower leg (tibia and fibula of the ankle joint
region/ankle mortise) have not been examined so
far. In addition, very few studies have utilized CT
scanning to assess the progress of clubfoot associa-
ted with intervention or developed a 3D model of
clubfoot from CT scans. Therefore, the purposes of
this study was to develop a new 3D bone-to-bone
evaluation method for quantifying clubfoot, and in-
crease our understanding on the relative position of
the tarsal bones to the foot and ankle complex, and
evaluate “abnormal” arrangements of the bones
of the ankle and foot complex, and develop a 3D
model of bones in clubfoot from two-dimensional
(2D) slices of scanned CT images.

Patients and Methods

Patients

A CT scan of a severe clubfoot of a four-ye-
ar-old boy was used to develop the 3D surface
model of clubfoot. Written informed consent was
obtained from the parent of the child before star-
ting the experiment. A Lightspeed 8 Ultra CT
scanner (GE Healthcare Technologies, Wauke-
sha, WI, USA) was used to obtain the 2D slices
of the clubfoot images. The CT scanning para-
meters are: CT dose (CTD) volume — 1.71 mGy,
tube voltage 100 KV, tube current — 23 mA and
section thickness — 2.5 mm. The following fi-
ve-step procedures were followed to evaluate the
bone-to-bone relationships: the 2D slices were ac-
quired, the noise from the 2D slices was aligned
and removed, the images were then processed
with MATLAB, a 3D model was developed for
the bones of the clubfoot and the alignment of foot
and ankle bones was analyzed (Figure 1). In the
first step of developing the 3D model, the noise in
the images (information of patient, CTD volume,
tube voltage and current, section thickness, and
lines between and under the images) was manual-
ly removed, and then the centre of the bone was
marked by using a red dot in each 2D slice of an
image to align the bone.

Three-Dimensional Modelling of Clubfoot

The aligned 2D slice images were imported
into MATLAB R2017a (MathWorks Inc., 2017) to
develop a 3D model of the clubfoot and analyse
the bone-to-bone relationships. The red dots in
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Figure 1. Framework for developing 3D model of clubfoot bones and analysing severe clubfoot.

the aligned 2D slices were merged together into
red-dotted lines to identify each bone of the foot.
Then, the MATLAB program was used to select
the landmarks in the x, y, and z coordinate system
(xyz vectors). This would automatically create 3D
models of the foot (stereolithography (STL)) ba-
sed on the position of the landmarks of the lower
end of the tibia of the ankle region, fibula and the
bones of interest in the foot. To develop the STL
file (3D format) of the 3D model of the clubfoot
bones, five landmarks points (green color) were
selected as shown in Figure 2. The first point se-
lected was at the lower end of tibia. The second
and third points were at the lower end of fibula
and lower part of tibia, respectively. The fourth
and fifth points were at the proximal and distal
ends of the bones of interest, which were calca-
neus, cuboid, metatarsals, and proximal and distal
phalanges. These points outlined the alignment
and position of the foot in relation to the lower leg.

Next, a 3D model of the bones of the clubfoot
was created in STL format as shown in Figure 2.
The STL format allows the bones to be viewed
or rotated in different 3D views such as YZ view
(90, 0), XY view (0, 90), and XZ view (0, 0). The
relationships among the orientations of the bones
of interest with the lower leg bones (tibia and fi-
bula) are described by using the x, y, and z Car-
dan angles. The angles were calculated for the
bones of interest from their relative orientation
to the tibia. In this study, Cardan angles for the

tibia and the first, second, third, fourth and fifth
metatarsals, and tibia the proximal, middle, and
distal phalangeal bones were calculated to obser-
ve their position and alignment with the lower leg,
and determine the severity of the clubfoot. More
importantly, Cardan angles of the specific bones
involved in the clubfoot such as the tibia-calca-
neus, tibia-cuboid, tibia-talus, tibia-proximal, and
middle, distal phalangeal bones were calculated
to determine their relationships and orientations.

Results

Malalignment of tarsal bones is very common
in clubfoot, which leads to four types of foot defor-
mities, namely midfoot cavus, forefoot adductus,
and hindfoot varus and equinus. It is difficult to
describe them objectively due to the complexity
of their anatomical structures and shape of the
clubfoot. Therefore, an objective measurement
method was developed in this study by using a
semi-automated 3D model of the clubfoot bones
to determine the clubfoot severity by analysing
the bone-to-bone relationships. The lower end of
tibia was used as a centre of the axis landmark
(X axis), to objectively and quantitatively deter-
mine the orientation of each foot bone. The results
of the x, y, z angles of each bone of interest in
the foot were determined in relation to the tibia
(Table I and I1) as shown in Figure 3.

Table I. Calculation of angle of calcaneus, talus and cuboid bones in severe clubfoot.

Bone relationship Angle X Angle Y Angle Z
Calcaneus relative to lower end of tibia 84.53 113.82 24.51
Talus relative to lower end of tibia 89.10 99.28 9.32
Cuboid relative to lower end of tibia 98.83 93.23 9.41
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Table IlI. Alignment of metatarsal, proximal, middle, and distal phalanges relative to tibia (Ankle).

Bone Relationship Angle X Angle Y Angle Z
Angles at metatarsal (MT) bone in relation to tibial bone
First MT 74.77 46.34 47.61
Second MT 73.88 45.76 48.66
Third MT 68.39 48.79 49.00
Fourth MT 67.59 56.68 41.94
Fifth MT 68.31 69.81 30.37
Angles at proximal phalanges (PP) in relation to tibia or ankle
First PP 62.53 68.71 35.93
Second PP 56.54 86.35 33.70
Third PP 55.60 80.07 36.19
Fourth PP 64.28 75.33 30.15
Fifth PP 50.87 91.02 39.14
Angles at middle phalanges (MP) in relation to tibia or ankle
Second MP 56.32 67.38 42.44
Third MP 70.91 41.08 55.24
Fourth MP 72.74 47.19 47.85
Fifth MP 98.05 87.18 8.53
Angles at distal phalanges (DP) in relation to tibia or ankle

First DP 68.95 90.60 21.05
Second DP 112.86 48.69 49.99
Third DP 106.07 96.15 17.26
Fourth DP 89.56 73.66 16.34
Fifth DP 65.47 76.64 28.36

Measuring Alignment of Talus,
Calcaneus and Cuboid Bones Relative
to Lower End of Tibia

Tarsal bones including calcaneus, cuboid and
navicular bones, and the first, second, and third
cuneiforms in the clubfoot were rotated in an
inward direction in relation to the lower end of
tibia and fibula. The calcaneus bone contributed
to all four types of clubfoot deformities (midfoot
cavus, forefoot adductus, and hindfoot varus and
equinus). The cuboid bone shifted medially along
with the anterior part of calcaneus'. The results
of X, y, and z coordinate angles of the calcaneus,
talus, and cuboid bones show the position of these
bones relative to the tibia (Table I). The relative
angles of the calcaneus, talus, and cuboid bones
are shown in Figure 3b, 3¢ and 3d, respectively,
in the X, y, and z directions. Among the x, y, and
z axes of the tarsal bones of interest (i.c., the cal-
caneus, talus, and cuboid bones), the z axis repre-
sents the smallest moment of inertia as shown in

Table 1. The relative angles of these three bones
to the tibia in the z axis were 24.51°, 09.32°, and
9.41°, respectively.

Alignment of Metatarsal Bones
Relative to Tibia

Results of the relative angles between the me-
tatarsal bones and tibia showed that there was
a higher x-axis angle value in comparison with
the other axes, especially for the first and second
metatarsal bones (Table I). This is due to the ma-
lalignment of the metatarsal bones in the two os-
seous columns, which translated medially along
with the other tarsal bones (talus, calcaneus, cu-
boid and navicular bones, and lateral, middle, and
medial cuneiforms). In the metatarsal bones, the
x axis was oriented medially, y axis was directed
inferiorly and anteriorly, and the z axis was orien-
ted in the vertical direction in general. Results
also showed that the x axis was oriented medial-
ly, y axis was oriented inferiorly, and z axis was
oriented in the vertical direction in the lower end
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Figure 2. Processing of 3D bone model of severe clubfoot from 2D slices of CT images.

of tibia (Figure 3a). In addition, relative angle of
the fifth metatarsal bone was the smallest among
all metatarsal bones in all axes (30.37°). Relative
angles of metatarsal bones to tibia can be used to
compare the different levels of clubfoot severity
with a normal foot.

Alignment of Proximal, Middle,
and Distal Phalangeal Bones Relative
to Lower End of Tibia

Rotation of the proximal phalangeal bones re-
lative to tibia was objectively measured and the
results showed a higher rotation angle about the
y axis in comparison to the other axes of rotation.
Of these phalangeal bones, the fifth proximal pha-
langeal bone had a greater y axis angle (91.02°),
followed by that of the second and third proximal
phalange bones of 86.35° and 80.07° respecti-
vely. On the other hand, the z axis angle of all the
proximal phalanges was lower than the angle of
other axes of the proximal phalangeal bones. This
smaller z axis angle indicates that the proximal
phalangeal bones were more plantar flexed and
had an adducted position relative to the lower leg.
To measure the angles at the middle phalanges,
the orientations of the second to fifth toes to the
tibia were quantified. Among the middle phalan-
geal bones, a higher rotation angle was observed
in the x axis of the fifth middle phalanx relative
to the tibia (98.05°), followed by the fifth middle
phalanx of little toe in the y axis (87.18°), and the

second and third middle phalanges of 70.91° and
72.74° in the x axis, respectively. The smallest re-
lative angle was observed in the fifth middle pha-
lanx (8.53°), which was more deviated than the
other phalangeal bones. In the y axis, the rotation
angles of the third and fourth middle phalangeal
bones were 41.08° and 47.19°, respectively. Among
the proximal and distal phalangeal bones in re-
lation to the tibia, the third (112.86°) and fourth
(106°) distal phalangeal bones were more devia-
ted in the direction of the x axis. Figure 3e shows
the position of the first distal phalanx in relation
to the lower end of tibia. Results indicated that
the third and fourth distal phalanges were rotated
more medially. The rotation angle of the fifth di-
stal phalanx was smallest in the x-axis direction
(65.47°). The Z axis was the longest axis and de-
monstrated the smallest moment of inertia in the
distal phalangeal bones. The rotation angles of the
third and fourth distal phalangeal bones were less
in the z axis compared to the first, second, and
fifth distal phalangeal bones.

Discussion

A 3D model for severe clubfoot was develo-
ped from 2D images, which was obtained from
CT scanning, to quantify the severity and align-
ment or position of bones in a severe clubfoot. To
create the 3D model of the clubfoot, MATLAB
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a. Relationship of first metatarsal bone to ankle YZ view (90,0).

c. Position of the talus.

d. Position of cuboid.

b. Position of calcaneus.

e. Position of first distal phalanx.

Figure 3. Position and alignment of first metatarsal, calcaneus, talus, cuboid and first distal phalanx in relative to the tibia in

the clubfoot.

program was used to automatically calculate the
angle of each bone of the foot. In this study, the x,
y, and z coordinate axis angles were documented
for each bone of the foot (talus, calcaneus, cuboid,
metatarsal, and phalangeal bones) from the 3D
model of the clubfoot, to objectively determine
the relative angles between the bones of interest.
The relative angles between the ankle and bones
of interest were used to objectively determine the
deviation of the bones in the clubfoot.

Clubfoot is a complex three-dimensional de-
formity that involves malalignment of the medial
and lateral osseous columns. Therefore, it is im-
portant to assess the medial and lateral osseous
columns and their relationship with the lower leg
for a better understanding of the clubfoot anatomy
and the relationship of each bone in the foot and
ankle. Recently, a number of imaging, functional,
and radiological methods have been used to eva-
luate clubfoot®??’. However, the use of conventio-
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nal radiography or CT scanning may not be the
best way to evaluate the clubfoot structure. This
is because CT images are only useful for exa-
mining pathological anatomy of the foot in 2D.
Therefore, it is difficult to assess the morphology,
alignment, and orientation of each foot bone and
all of the hindfoot joints thoroughly®¥. Another
disadvantage of using 2D images is that they may
not be reliable to provide accurate information on
the alignment and morphology of the tarsal bones
which are not ossified in newborn babies?*¥-%,
Moreover, previous studies have mostly focused
on evaluating the relationships among the talus,
navicular, calcaneus and cuboid bones through
imaging*>*"#, Therefore, to the best of our know-
ledge, there were no studies that focus on the
clubfoot and examine the alignment between the
ankle and bones of the foot.

Camacho et al** were the first to use Euler an-
gle rotations to describe the relationships among
several bones (first and second metatarsal, navi-
cular, and cuboid bones) and the talus in a nor-
mal foot. In addition, Windisch et al' suggested
that the development of a 3D model helps to pro-
vide a better understanding of the complexities
of clubfoot including deformation of talus and
calcaneus. Based on these studies, we first re-
constructed CT image slices into 3D images to
examine the alignment of tarsal, metatarsal, and
phalangeal bones of the foot, and the relationships
between the ankle joint and bones of the foot in
the present study. The difference in angle me-
asurements of the bones of foot can be used to
quantify the deformation and severity of clubfoot,
and to accurately and objectively examine the ali-
gnment of each bone in the foot. The difference
in the angle measurements can also be used to
compare a splinted and a normal foot to evaluate
the progression of clubfoot associated with tre-
atment. Generally, three planes (sagittal, frontal
and coronal planes), and the transverse planes are
used to assess the movement directions of the foot
(plantar flexion and dorsiflexion - sagittal plane;
abduction and adduction - coronal or frontal pla-
ne; and inversion and eversion (transverse plane)).
Pekindil et al* examined the talocalcaneal angle
in the sagittal plane, internal rotation of the talar
head and neck-axis, and internal rotation of the
calcaneal-axis, transverse talar neck and head,
external rotation in the posterior side of the cal-
caneus, and calcaneus angle in the clubfoot®. The
bone-to-bone relationships in the foot varied in
different types of foot and the differences can be
measured by Cardan angles*. In the present stu-

dy, the difference in the orientation of the bones
in foot was measured by the angular deviations
between the bones of interest to the ankle. This
study has some limitations, for example, only the
relative position of the tarsal bones to the tibia was
measured. The relative position of the tarsal bones
to the calcaneus and talus were not determined. In
addition, this was a single-case study. We used one
CT scan to develop a surface model and determine
the bone-to-bone relationships. Therefore, further
studies are necessary to examine the relative an-
gle of each bone to the calcaneus and talus with
larger sample size. Results can also be compared
with normal foots. Changes of the relative angles
of foot bones after weekly casting intervention for
clubfoot may also be measured in future studies.

Conclusions

This study presented a new methodology to
develop a 3D surface model of severe clubfoot
from 2D slices of CT images. It also provided
some basic information for the development of
an objective method to quantify the bone-to-bo-
ne relationships in clubfoot deformity. Specifi-
cally, to determine the bone-to-bone relation-
ships, relative angles between bones of the ankle
and foot complex were measured and used for
evaluating the severity of clubfoot. This novel
method may also be used to assess other patho-
logical conditions of the foot such as pes cavus
and pes planus.
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