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Abstract
Objectives: One of effective therapeutic treatment involves
the use of inserts to alter the foot biomechanical alignment
and reduce the pain. It is essential to select an appropriate
insert based upon foot functions by dynamic plantar
pressure measurements. The goal of this study was to
evaluate children’s kinetic abnormalities in feet with tarsal
coalition using plantar pressure measurements.
Design: The design of this study was a prospective
cohort with normal control, which is considered as Level 3
Evidence.
Setting: The study was conducted in a motion analysis
laboratory at a private pediatric health care system with an
academic affiliation.
Patients: Nine patients, ages 6 to 16 years who were
diagnosed with tarsal coalition were recruited. Exclusion
criteria included the presence of neuromuscular disease or
the inability to ambulate.
Methods: Plantar pressure measurements were performed
using the EMED platform. Each subject stepped on the
platform three times while walking at a self-selected speed
along a 5-meter walkway. There were also normal plantar
pressure data in 68 typically developing children from
a previous study. Four pressure parameters were then
calculated in eight anatomical regions, including contact
area, peak pressure, pressure-time, and instant of peak
pressure.
Main outcome measurements: An independent student
t-test and Bonferroni correction was performed to compare
dynamic plantar pressure metrics between those of our
tarsal coalition subjects and those from previously recorded
normal data.
Results: Increased contact area at the midfoot and
increased peak pressures at the midfoot, 1st metatarsal
and hallux were significant in children with tarsal coalition
(P < 0.05).

Conclusions: The remarkable kinetic differences between
tarsal coalition and normal foot pressure suggest it is
important to have plantar pressure analysis in barefoot
walking prior to orthotic selection.

Introduction
Tarsal coalition (TC) is a congenital foot abnormality
representing an abnormal connection between two
or more tarsal bones. The incidence of tarsal coalition
occurs in less than 1% of the general population [1].
The condition is bilateral in 25%-50% of cases, but does
not need to be symptomatic [2]. Up to 75% of tarsal
coalitions may be asymptomatic in patients [3]. Of the
symptomatic coalitions, calcaneonavicular (43.6%) and
talocalcaneal joint (48.1%), are the most common [4].
Coalitions usually become symptomatic around the
ages of 12 to 16 years, which correlates with the time that
the coalition begins to ossify. Patients with talocalcaneal
typically present in early adolescents (12-16 yr), whereas
calcaneonavicular presents from 8 to 12-years-old [1].
Talonavicular and other foot coalitions are rare and usually
asymptomatic [5].
Tarsal coalitions are also the most common cause of
peroneal spastic flatfoot [5,6]. This condition is characterized by peroneal muscle spasms and a painful, rigid
valgus deformity of both the forefoot and hindfoot [710]. These are often the presenting complaints from patients with this condition, and these symptoms can be
accompanied by pain on the lateral aspect of the calf,
tearing of an ossified coalition, and synovial inflammation [5,10]. These and adaptive shortening of the peroneal tendons can lead to reflex spasms [5,10]. The
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spasms eventually subside, but degenerative arthritis
often results from both the deformity and altered intra-articular mechanics [10].
In most children the normal plantar arch develops
between the age of 2 and 6 years of age [11]. Children
under the age of 6-years-old may have a flexible flat
foot, however all but 1% of the children progress
toward a normal plantar arch [12]. Of those that do
not develop a normal arch, many will have structural
abnormalities such as tarsal coalition. Waseda, et al.
further investigated the growth progression of the
pediatric plantar arch [13]. Foot length extension began
at age 6-years-old for both male and females, but
females plateaued in foot length one year earlier than
males at age 13 years [13]. Navicular height was also
measured and showed that height increased from age
6-13 years old for males and 8-13 years old for females.
Lastly, Waseda, et al. calculated the arch height ratio
that demonstrated the pediatric plantar arch was
essentially flat until age 10-years-old for females and
11-years-old for males [13].
Treatment options range from conservative to surgical. More conservative options include arch supports
and medial heel wedges for minor symptoms [14-16].
Casting has also shown to be an effective conservative
treatment option, but has failed to provide long-term
relief [17].
Symptomatic calcaneonavicular and talocalcaneal
coalitions are often treated with surgical management
if nonoperative treatment fails to alleviate the patient’s
symptoms. Operative methods are primarily limited to
either excision of the coalition or arthrodesis. Patient
age, type and extent of the coalition, and the presence
of degenerative changes in the joints affect the choice
of procedures. Excision of the calcaneonavicular bar has
been reasonably successful in some patients. More than
85% of patients did not require additional operative

procedures after initial resection [3,18-20]. Patients
with persistent pain after coalition excision may need
a subsequent triple arthrodesis [21,22]. Although the
triple arthrodesis is occasionally needed for patients
with a talocalcaneal bar, simple resection has yielded
good results [23-26].
There are several ways to assess the functional characteristics for tarsal coalition beyond plain radiographs,
computerized tomographic, and magnetic resonance
imaging. Besides clinical exam, electromyography and
plantar pressure platforms can evaluate a foot gait analysis. The use of plantar pressure and gait analysis, allows
for a dynamic measurement as compared to standard
imaging, which is static. Additionally, with standard imaging there is risk of radiation exposure.
The goal of this study is 1) To characterize the
dynamic plantar pressure patterns of children with
tarsal coalition; 2) Compare differences of pressure
metrics between tarsal coalition and normal children.

Materials and Methods
Nine patients, ages 6 to 16 years who were diagnosed
with tarsal coalition were recruited from clinics with a
mean age of 13.6 years. Exclusion criteria included the
presence of a lower extremity injury within one year,
any history of lower extremity fractures, neuromuscular
disease, foot deformities, prior foot surgeries, or an
inability to ambulate. Pediatric orthopedic surgeons
conducted physical examinations of each subject in
the experimental and control group. This study has
been approved by the Institutional Review Board and
followed the principles of Declaration of Helsinki. All
subjects signed a written informed assent and the
subject’s parent or legal guardian signed a written
informed consent on behalf of the minor prior to data
collection.
Gait analysis was performed on all subjects by expe-

Figure 1: Plantar pressure measurements, including the contact area, peak pressures, and timing during stance phase,
were performed using the EMED platform.
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rienced researchers, including physicians and engineers
in the center for motion analysis laboratory at a private
pediatric health care system with an academic affilia-

tion. Plantar pressure measurements were performed
using the EMED platform system (Novel Inc, St. Paul,
MN). The system’s sensor plate dimensions are 582 ×
340 ± 20 mm and consist of a total of 2,736 sensors with
a resolution of 4 sensors per cm2 at a frequency of 60
Hz (frame rate per second). The accuracy of the EMED
pressure system is +/- 5% of mean value [27]. Hughes,
et al. found that this system produced excellent reliability for most force, contact area, and pressure variables
when the mean of three results was used (Figure 1) [27].
Those variables had reliability coefficients above 0.9.
Each subject stepped on the platform three times
while walking at a self-selected speed along a 5-meter walkway. Eight anatomical regions were mapped
to determine abnormal pressure distribution: medial hindfoot, lateral hindfoot, midfoot, first metatarsal,
third metatarsal, fifth metatarsal, hallux, and phalanges
two to five. The boundaries were determined as seen
in Figure 2. A total of four pressure parameters were
calculated at each of those mapped regions. Pressure
parameters consisted of plantar contact area, maximal
ground reaction force, peak pressure, and pressure time
(loading) (Figure 3).
An independent student t-test and Bonferroni correction were performed to compare EMED metric changes
between those of our TC subjects and those from previously recorded normal data. Prior normative data were
established by having sixty-six normal children; age 6 to
16-years-old walk along a 5-m walkway at self-selected
speeds [28].

Results

Figure 2: Eight anatomical regions were mapped and
defined, including medial and lateral hindfoot, midfoot,
1st, 3rd and 5th metatarsal, hallux, and phalanges 2 to 5.
The left foot with TC presents an increased contact area
on the midfoot and peak pressure on the hallux and 1st
metatarsal for this patient.

Significant differences in pressure metrics between
tarsal coalition subjects and normal are shown in Table
1. Comparison of the contact area between the eight
foot regions are illustrated in Figure 4. There were
significant differences for contact area of the medial
hindfoot, lateral hindfoot, midfoot, fifth metatarsal and
first metatarsal when compared to normative data (P <
0.0001). The largest contact area is found in the midfoot,
followed by the lateral hindfoot.

Figure 3: Overview of the process from EMED pressure measurements to foot orthotic selection.
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Figure 4: Comparison of the contact area between eight foot regions of subjects with tarsal coalition.

Figure 5: Comparison of the peak pressure between eight foot regions of subjects with tarsal coalition.

Contact time is defined by an occurrence of peak
pressure as a percentage of the entire stance phase. The
greatest contact time was seen in the third metatarsal
head (88%) and first metatarsal head (84%). The lateral
hindfoot was in contact with the ground the least for
58% of stance phase.
The highest pressures were generated in the hallux
and first metatarsal head. The lowest pressures were
found in the second to fifth toes. Significant differences
in peak pressures were noted in the hallux, first
metatarsal, fifth metatarsal and midfoot. Comparison
Curtin et al. Int J Foot Ankle 2019, 3:028

of the peak pressures between eight foot regions is
demonstrated in Figure 5 and Table 1.
The force-time integral reveals the greatest values
occurred in the third metatarsal head followed by the
medial hindfoot. Loading in all areas of the foot besides
the second to fifth toes were significantly different than
those of normal children.
Given the results of increased contact area at the
midfoot and increased peak pressures at the midfoot,
first metatarsal and hallux in children with tarsal coalition, a reduced mid-foot arch and more pronated fore• Page 4 of 8 •
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Table 1: Significant differences in pressure metrics between tarsal coalition subjects and normal subjects. (Mean ± SD, P < 0.05).
Parameters

Coalition

Normal

p-value

Lateral-heel

21.1 ± 7.3

13.6 ± 5.7

P < 0.0001

Medial-heel

18.6 ± 6.5

12.2 ± 3.1

P < 0.0001

Contact Area (cm2)

Mid-foot

33.6 ± 14.0

19.8 ± 10.9

P < 0.0001

5th Metatarsal

9.5 ± 3.1

5.3 ± 1.5

P = 0.0001

10.7 ± 2.1

8.1 ± 2.4

P < 0.0001

1st Metatarsal
Peak Pressure (N/cm )
2

Mid-foot

18.7 ± 8.2

10.7 ± 5.5

P < 0.0001

5th Metatarsal

24.8 ± 18.0

14.0 ± 11.3

P = 0.0011

1st Metatarsal

28.0 ± 10.6

16.8 ± 9.3

P < 0.0001

Hallux

47.4 ± 24.0

27.0 ± 14.9

P < 0.0001

1st Metatarsal

82.3 ± 5.4

70 ± 14.9

P = 0.0001

Hallux

88.6 ± 5.9

81.5 ± 9.6

P = 0.0001

Lateral-heel

9.2 ± 3.0

5.3 ± 5.5

P < 0.0001

Medial-heel

9.8 ± 3.2

5.8 ± 5.7

P < 0.0001

Mid-foot

6.7 ± 2.7

3.8 ± 12.3

P < 0.0001

5 Metatarsal

7.7 ± 5.2

4.2 ± 8.3

P < 0.0001

3 Metatarsal

10.4 ± 4.4

7.1 ± 8.6

P = 0.0004

1 Metatarsal

8.0 ± 3.4

5.4 ± 8.3

P < 0.0001

Hallux

9.7 ± 5.2

6.5 ± 9.1

P = 0.0014

Instant of Peak Pressure [%ROP]

Pressure-time Integrals [(N/cm ) × s]
2

th

rd
st

Figure 6: Comparison of plantar pressure distribution between TC and normal: A) A normal pressure distribution of the right
foot; B) A 13-year-old girl diagnosed with calcaneonavicular coalition presented with an increased contact area and peak
pressure at the midfoot as compared to normal.
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foot were noted (P < 0.0001) (Figure 6).

Discussion
The results of our study provided values of pressure
distribution of the pediatric foot with tarsal coalition
using the EMED platform system. Children with tarsal
coalition revealed significant differences in peak pressure, contact area, and loading when compared with
the EMED measurements in normal feet. The midfoot
revealed the greatest differences. The midfoot had a significantly higher peak pressure, which was in agreement
with Hetsroni, et al. [29]. Although normal pediatric subjects showed lower loading in the medial midfoot [30],
our subjects demonstrated significantly greater loading,
contact area and peak pressures when compared to
normal subjects. In additional study findings of normal
pediatric patients, the largest contact area was found in
the third metatarsal head, followed by the lateral midfoot and hindfoot. The peak pressures were greatest in
the heel and hallux and the lowest in the midfoot under
the arch [28].
Tarsal coalition induces malalignments within the
subtalar joint. During stance phase of ambulation, the
subtalar joint rotates from 4 degrees of external to 6
degrees of internal rotation [31]. With tarsal coalition,
lack of external rotation puts strain onto the talonavicular and calcaneocuboid joints. This additional stress on
the talonavicular and calcaneocuboid joints leads to a
planovalgus deformity. The abnormal bony structures
created by a tarsal coalition, leads to increased plantar
contact area and loading at the midfoot, as well as at
the first metatarsal head and hallux. The combined results may explain that most children in our study had
a reduced mid-foot arch and had a pronated forefoot.
This further limits the foot segment motions during the
first rocker and second rocker, eventually affecting the
toe-off at the third rocker, providing reduced power for
ambulation.
Given that plantar pressure is a dynamic measurement that is dependent on the ground reaction force,
Hetsroni, et al. investigated how tarsal coalition compares to normal subjects while running and walking [29].
The study demonstrated that preoperative feet had significantly higher medial midfoot pressures compared
with the control group both during walking and running.
Post bar resection, the medial midfoot did not demonstrate significantly higher pressure compared to the
control foot while walking. However, during running,
this segment’s pressures were significantly higher both
in preoperative (p = 0.000) and in postoperative (p =
0.023) feet compared with the control group. This study
further supports the use of dynamic plantar pressure
measurements for those children with tarsal coalition,
both preoperatively and postoperatively. Even postoperatively, children may still demonstrate clinical symptoms of tarsal coalition while running and not walking.
Curtin et al. Int J Foot Ankle 2019, 3:028

The EMED system allowed patients to walk barefoot
at a self-selected speed. Given that the EMED system
has patients walk barefoot, it does not take into account
the larger contact area that shoes provide, therefore
decreasing the peak pressure. Nyska, et al. found that
shoes increased the loading of the medial forefoot
by nearly 50%, whereas the lateral forefoot’s loading
decreased by 60% when compared with the patients
who did not wear shoes [32]. He also noted that the
force significantly decreased in all other areas of the foot
except the medial forefoot in patients who wore shoes.
The use of orthotics or inserts may assist in elevation
of the mid arch height, therefore reducing midfoot
pronation and improve the hindfoot valgus. These
corrections will decrease contact area, peak pressure,
and loading of the medial midfoot and shift the load to
the lateral aspect of the forefoot.
Our findings demonstrated that there are remarkable abnormal dynamic plantar pressures distribution
among the hindfoot, midfoot and forefoot for children
with tarsal coalition. In such patients, most likely the
use of inserts to alleviate the foot pain and restore the
arch height has not been successful. Based on the interpretation of the dynamic plantar pressures, a better
customized insert may be prescribed to effectively treat
the foot deformities. Therefore, the understanding of
the abnormal plantar pressure distribution may be a primary step in the evaluation of tarsal coalition or in the
determination of the therapeutic or orthotic treatment.
While no known studies have directly investigated
the use of orthotics in children with tarsal coalition and
how it effects plantar pressure metrics, studies have
looked at how orthotics can reduce pain. Powell, et al.
compared the efficacy of “custom” made orthotics to
those “off the shelf” in children with juvenile arthritis
[33]. The custom orthotic group showed significantly
greater improvements in overall pain, speed of
ambulation, activity limitations, foot pain and level of
disability when compared with the “off the shelf” insert
[33].
Prior studies of dynamic plantar pressure used vertical or horizontal lines to divide the foot in three or five
regions (not using free-mapping) [30,34,35]. This method however does not take into account anatomical variations of the foot that may be altered by pronation or
supination even in the normal children. Free mapping
eight segments as described by Liu, et al. better accommodates for anatomic variants [28]. Thometz, et al. has
showed a significant correlation between dynamic pressure measurements and radiographic angles and a presentation of an alignment of the foot [36]. This study
however investigated children with residual clubfoot.
The selection age for the children in our study was
determined by the fact that the normal plantar arch
develops between the age of 2 and 6 years of age [11].
In addition, soft tissue and bone ossification of the
• Page 6 of 8 •
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pediatric foot develops until the age of 5 [37]. Children
over the age of 12 with incomplete longitudinal arches
may have increased pressure in the midfoot region
[38]. Lastly, mature gait appears around 7 years of
age [24,39]. Limitations of this study include a small
sample size of nine children and one follow-up visit.
Further studies should delineate differences of pressure
parameters of each type of tarsal coalition as compared
to age matched normal subjects.
As a conclusion of this study, dynamic plantar pressure results of tarsal coalition feet showed significant
differences compared to those of normal feet, showing
malalignments of the hind-foot, midfoot and forefoot.
The remarkable kinetic differences indicate that those
biomechanical abnormalities of the foot impair the
walking ability, which is necessary to use a foot orthotic
to improve the alignment and function. It is essential to
understand those pressure patterns in order to correctly select the orthotics. We recommend every patient to
have a plantar pressure analysis during barefoot walking to evaluate the three foot segments and determine
the optimal orthotic that reduces the hindfoot valgus,
increases the mid-foot arch, and corrects the forefoot
supination or pronation.
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