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Morphological changes in flatfoot: a 3D s

analysis using weight-bearing CT scans
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Abstract

Background Flatfoot is a condition resulting from complex three-dimensional (3D) morphological changes. Most
Previous studies have been constrained by using two-dimensional radiographs and non-weight-bearing condi-
tions. The deformity in flatfoot is associated with the 3D morphology of the bone. These morphological changes
affect the force line conduction of the hindfoot/midfoot/forefoot, leading to further morphological alterations. Given
that a two-dimensional plane axis overlooks the 3D structural information, it is essential to measure the 3D model

of the entire foot in conjunction with the definition under the standing position. This study aims to analyze the mor-
phological changes in flatfoot using 3D measurements from weight-bearing CT (WBCT).

Method In this retrospective comparative our CT database was searched between 4-2021 and 3-2022. Following
inclusion criteria were used: Patients were required to exhibit clinical symptoms suggestive of flatfoot, including pain-
ful swelling of the medial plantar area or abnormal gait, corroborated by clinical examination and confirmatory
radiological findings on CT or MRI. Healthy participants were required to be free of any foot diseases or conditions
affecting lower limb movement. After applying the exclusion criteria (Flatfoot with other foot diseases), CT scans
(mean age=20.9375, SD=16.1) confirmed eligible for further analysis. The distance, angle in sagittal/transverse/
coronal planes, and volume of the two groups were compared on reconstructed 3D models using the t-test. Logistic
regression was used to identify flatfoot risk factors, which were then analyzed using receiver operating characteristic
curves and nomogram.

Result The flatfoot group exhibited significantly lower values for calcaneofibular distance (p=0.001), sagittal

and transverse calcaneal inclination angle (p < 0.001), medial column height (p <0.001), sagittal talonavicular coverage
angle (p<0.001), and sagittal (p <0.001) and transverse (p=0.015) Hibb angle. In contrast, the sagittal lateral talocalca-
neal angle (p=0.013), sagittal (0 <0.001) and transverse (p=0.004) talocalcaneal angle, transverse talonavicular cover-
age angle (p<0.001), coronal Hibb angle (p <0.001), and sagittal (p <0.001) and transverse (p=0.001) Meary’s angle
were significantly higher in the flatfoot group. The sagittal Hibb angle (B= —0.379, OR=0.684) and medial column
height (B= —0.990, OR=0.372) were identified as significant risk factors for acquiring a flatfoot.
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Conclusion The findings validate the 3D spatial position alterations in flatfoot. These include the abduction

of the forefoot and prolapse of the first metatarsal proximal, the arch collapsed, subluxation of the talonavicular
joint in the midfoot, adduction and valgus of the calcaneus, adduction and plantar ward movement of the talus
in the hindfoot, along with the first metatarsal’s abduction and dorsiflexion in the forefoot.

Keywords Flatfoot, Deformity, Weight-bearing CT, Entire foot, 3D measurement

Introduction

Flatfoot, a common condition characterized by the col-
lapse of the foot arch [1], can be either congenital or
acquired. In children, flexible flatfoot is often due to
underdeveloped arches, while congenital flatfoot is
attributed to adhesive tarsal bones and congenital vertical
talus [2-5]. Acquired flatfoot arises when children with
normal arches develop flatfoot during growth, primar-
ily due to factors such as a tight gastrocnemius—soleus
complex, obesity, posterior tibial tendon dysfunction, or
weakened plantar fascia and other arch-supporting liga-
ments [6—10].

Previous studies have described the morphological
changes in flatfoot using various parameters [11-15]
(Table 1). These parameters, including the calcaneofibu-
lar and talofibular distances, calcaneal inclination (CIA),
lateral talocalcaneal (LTCA), and talocalcaneal (TCA)
angles, as well as the angle between the talus and calca-
neus (TACA), are used to evaluate the relative spatial dis-
placement of the hindfoot bones and fibula. The collapse
of the midfoot can be assessed by medial column height
(MCH), talonavicular coverage angle (TNCA), and sinus
tarsi volume. The first metatarsal—calcaneal angle (Hibb
angle) and the talar first metatarsal angle (Meary’s angle)
are measured in the forefoot to assess the relative space-
displacement of the hindfoot and the first metatarsal
bone. However, these parameters, used in most previous
studies, are applicable for two-dimensional or simulated
weight-bearing CT and do not reflect the three-dimen-
sional morphology of the entire flatfoot under the stand-
ing loading condition.

Under physiological loading, the foot acts as a force
conduction structure. The collapse of the medial longi-
tudinal arch weakens the leverage effect of the midfoot
and affects the force transmission from the hindfoot
to the forefoot [16]. Therefore, it is necessary to meas-
ure the alignment of the entire foot under physiologi-
cal weight-bearing conditions. The clinical diagnosis of
flatfoot is often based on X-ray, which is limited to a
certain plane. But the parameters of flatfoot changes in
multiple planes, which can be better represented by 3D
measurement without multiple measurements [17]. So
3D measurement can show the bones in the position of
the three planes which can better evaluate the deformity
of flatfoot [18].

Most previous studies have used non-weight-bearing
conditions or two-dimensional (2D) measurements using
X-ray or CT data, which cannot explore the complex
anatomical alignment of the foot. X-ray imaging cannot
display three-dimensional (3D) foot bone structures due
to bone overlap, projection positions, methodological
differences, and limb rotation [19-21]. However, weight-
bearing X-ray can show the alignment and structural sta-
bility of the foot under physiological standing conditions.
Accurate evaluation of the alignment and rotation of the
affected foot before an operation is crucial for treatment
plans and prognosis. Routine clinical CT imaging, com-
monly performed with patients in the supine position,
cannot objectively show the physiological load-bearing
structures of the foot. Weight-bearing CT (WBCT) uses
cone beam CT (CBCT) and natural weight bearing to
evaluate lower extremity joints. CBCT uses a low dose of
radiation, varying slightly between device manufacturers,
and provides high-resolution images with sub-millime-
ter isotropic voxels [9, 22]. Therefore, WBCT provides a
functional examination that can directly reflect the per-
formance of the foot in the standing state and the sub-
tle morphological changes in the relationships between
bones and joints [23]. The objective of the present study
was to explore the morphological alignment of the entire
foot under the physiological standing loading of flatfoot
using 3D reconstructions acquired from WBCT. With
respect to this aim, our hypothesis is that the space posi-
tion change of the flatfoot in the multiple planes can be
clearly presented by 3D measurement under the WBCT.

Materials and methods

Study participants

The participants underwent CBCT scanning using a
Verity scanner (Planmed Oy, Helsinki, Finland) at The
Second People’s Hospital of Shenzhen between April
28, 2021, and March 1, 2022. The study comprised
32 patients (Age: 20.93+16.11, Weight: 55.18+12.88,
Length: 157.64+8.7, BMI:22.04+27.12, 25 men, 7
women, 13 left feet, 19 right feet) and 30 healthy partici-
pants (Age: 22.80+1.92, Weight: 61.63 +14.90, Length:
165.3+£7.61, BMI: 22.35+4.57, 16 men, 14 women, 12
left feet, 18 right feet). Flatfoot in patients aged under
14 years is classified as developmental flatfoot. Conse-
quently, patients were stratified based on their age at data
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Table 1 The measuring method and the image of flatfoot parameter
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collection. There were 12 patients younger than 14 years
and 10 patients older than 14 years in the flatfoot group.

Image acquisition and processing

In the CT coordinate system, an anatomical reference
system was defined with the z-axis orthogonal to the
ground. For each foot, the lower leg was perpendicu-
lar to the floor and the line from most plantar vertex
of the calcaneus to the center of the head of the second
metatarsal bone is parallel to the Y-axis. All feet were
realigned to this anatomical reference frame. Patients
were required to exhibit clinical symptoms suggestive of
flatfoot, including painful swelling of the medial plantar
area or abnormal gait, corroborated by clinical exami-
nation and confirmatory radiological findings on CT or
MRI. Healthy control group participants were required to
be free of any foot diseases or conditions affecting lower
limb movement. Axial planar images were obtained at
a resolution of 801x801 pixels and a slice thickness of
0.2 mm. These images were then imported into Mimics
14.11 software (Materialise NV, Leuven, Belgium) to con-
struct 3D foot models.

Measured and calculated parameters

Parameter measurements encompassed distance, angle,
and volume. (Table 1) In the hindfoot, we measured and
calculated: calcaneofibular distance, talofibular distance,
CIA, LTCA, TACA, TCA and sinus tarsi volume; in the
midfoot, we measured and calculated: MCH and TNCA;
in the forefoot, we measured and calculated: Hibb_angle
and Meary’s angle. Definition and measurement of all
parameters are in Table 1.

These parameters were further divided into three parts
according to the anatomical regions of the forefoot, mid-
foot, and hindfoot. All distance and angle parameters
were measured using 3-Matic software (v13.0; Material-
ise NV). The 3D measurement data can be expressed by
Euler Angle or quaternion, but both are more commonly
used in basic research [24]. Therefore, we projected the
3D measurement data onto three planes, which is more
convenient for clinical application. The angle measure-
ments provided 3D angles projected in the coronal, sagit-
tal, and transverse planes. The coronal plane was along
the mediolateral axis (X—Z), the sagittal plane was along
the longitudinal axis (Y-Z), and the transverse plane was
along the dorsal-plantar anatomical direction (X-Y).
For example, the CIA projected in the sagittal plane was
defined as CIA_S [25]. The model volumes were calcu-
lated automatically using the “properties” function after
reconstruction of the sinus tarsi in Mimics software.
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Table 2 Comparation between the patients aged under 14 years and aged over 14 years in flatfoot group
Variable Anatomical plane Mann-Whitney U/Two independent-  p Value
sample t -test
Hindfoot calcaneofibular distance e 100 0454
talofibular distance —_ 87 0.209
CIA S 0.805 0427
T 0.960 0.345
LTCA C 99 0431
S 77 0.099
T 112 0.774
TACA C 108 0.659
S 47 0.004*
T 100 0.454
TCA C 89 0.239
S -0.760 0453
T 1.930 0.063
Sinus tarsi volume _ 109.00 0.687
Midfoot MCH S -1.802 0.082
TNCA C -0.384 0.703
S -1.693 0.101
T 1.170 0.251
Forefoot Hibb angle C 0.548 0.587
S 1.077 0.290
T 1422 0.165
Meary's angle @ -0.932 0.359
S 1.148 0.260
T 108 0.659

Cl confidence interval, CIA Calcaneal inclination angle, LTCA lateral talocalcaneal angle, TACA angle between the talus and calcaneus, TCA talocalcaneal angle, MCH
medial column height, TNCA talonavicular coverage angle, Hibb angle first metatarsal-calcaneal angle, Meary’s angle talar first metatarsal angle, C coronal, S sagittal, T

transverse, SD standard deviation

" Denotes a significant difference (*p < 0.05, **p <0.001) between the healthy group and flatfoot group

Statistical analyses

There is age difference in the flatfoot group (20 patients
were under 14 years old, and 10 patients were over
14 years old). In order to integrate them, we conducted
Shapiro—Wilk Test on the data of patients under the age
of 14 and over the age of 14 in the flatfoot group, and the
Mann—-Whitney U test provided U values and p values
(threshold: p <0.05) was conducted on the data that did
not meet the normal distribution. The t text provided ¢
values and p values (threshold: p <0.05) was conducted
on the data conforming to the normal distribution, and
the results are shown in Table 2. Descriptive data are
presented as mean + standard deviation and 95% confi-
dence intervals (Cls). Differences between the flatfoot
and control groups were analyzed using two-sample
independent samples t-tests, with ¢ values and p values
provided. Logistic regression analysis was utilized to

explore the factors related to flatfoot, with odds ratios
(ORs) and B values provided. ORs are an exact estimate
of relative risk. An OR value greater than 1 indicated
that the analyzed factor was a risk factor for flatfoot.
OR values less than 1 indicated that the analyzed factor
was a protective factor. OR values equal to 1 indicated
that the factor played no role in the occurrence of the
disease. Receiver operating characteristic (ROC) curves
were used to analyze the sensitivity and specificity of
all parameters. SPSS statistical software (v20.0; IBM
Corp., Armonk, NY, USA) was used for statistical analy-
sis. P values<0.05 were considered statistically signifi-
cant. Nomograms were created based on a multivariate
regression analysis, integrating multiple predictors, and
then drawing line segments with certain proportions on
the same plane to express the relationships between the
variables in the prediction model.
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Table 3 95%Cl, Mean+SD and p- values of flatfoot parameters
position  Variable Anatomical plane  Control Group Flatfoot Group p value
(n=30) (n=32)
Mean+SD 95% Cl Mean+SD 95% Cl
Hindfoot  calcaneofibular distance — 6.37+£1.90 5.66-7.08 483+149 4.29-5.36 0.001%
talofibular distance 6.08+2.07 531-6.85 6.09+2.03 5.35-6.82 0.992
CIA S 20.20+£3.70 18.82-21.58 11.89+£3.95 10.46-13.31 <0.001**
T 16.50+4.49 14.82-18.17 9.94+4.32 8.38-11.49 <0.001**
LTCA C 22.11+£13.88 18.82-21.58 22.57+20.79 10.46-13.31 0919
S 34.83+4.58 18.82-21.58 3933+857 1046-13.31 0.013%
T 4223+6.15 14.82-18.17 41.81+9.83 8.38-1149 0.845
TACA C 4550+1887 3845-52.54 55.98+30.96 44.82-67.14 0.116
T 30.84+6.20 28.52-33.15 31.28+8.09 28.36-34.20 0.809
TCA C 51.38+27.56 41.09-61.67 5447 +2742 44.59-64.36 0.659
S 1842+11.49 14.13-22.71 3425+876 34.25-31.09 <0.001**
T 22.23+£545 20.19-24.26 2697+7.02 24.44-29.51 0.004*
Sinus tarsi volume —_ 866.46+207.43 789.00-943.91 801.53£251.80 710.75-892.32 0274
Midfoot MCH S 18.08+3.26 16.86-19.30 8.84+3.64 7.53-10.15 <0.001**
TNCA C 7697+11.16 72.80-81.13 71.75+10.53 67.95-75.55 0.064
S 2351+7.01 20.89-26.13 11.51+£7.85 8.68-14.35 <0.001**
T 39.28+11.30 35.06-43.50 50.78+10.50 47.00-54.57 <0.001**
Forefoot Hibb angle C 1748+13.29 12.52-22.44 42.64+26.73 33.00-52.27 <0.001**
S 3649+537 34.49-3849 16.86+9.88 13.30-2043 <0.001**
T 17.16+£6.84 14.61-19.72 1240+8.03 9.50-15.29 0.015*
Meary's angle @ 31.96+15.15 2631-37.62 27.13+20.69 19.67-34.59 0.301
S 6.37+3.66 5.00-7.73 21.50+£11.61 21.50-26.69 <0.001**
T 14.58+9.68 10.97-18.19 24.59+12.06 20.24-28.94 0.001*

Cl confidence interval, CIA Calcaneal inclination angle, LTCA lateral talocalcaneal angle, TACA angle between the talus and calcaneus, TCA talocalcaneal angle, MCH
medial column height, TNCA talonavicular coverage angle, Hibb angle first metatarsal-calcaneal angle, Meary’s angle talar first metatarsal angle, C coronal, S sagittal, T

transverse, SD standard deviation

“ Denotes a significant difference (*p < 0.05, **p <0.001) between the healthy group and flatfoot group

Results

In this study, there was no difference between the left and
right feet of the sample using a two-sample t-test. The
Mann—-Whitney U test showed a significant difference
in TACA_S between the flatfoot groups aged under and
over 14 years (p=0.004), while the other parameters were
not statistically significant [26] (Table 2). The descrip-
tive parameters of the feet with flatfoot and healthy
control groups are shown in Table 3 and Fig. 1. For the
hindfoot, calcaneofibular distance (p=0.001, Fig. 2),
CIA_S (p<0.001, Fig. 3a), and CIA_T (p<0.001, Fig. 3b)

(See figure on next page.)

in the flatfoot group were significantly lower than those
in the control group. TCA_S (p<0.001, Fig. 4a), TCA_T
(p=0.004, Fig. 4b), and LTCA_S (»p=0.013, Fig. 5) were
significantly larger in the flatfoot group than in the con-
trol group. For the midfoot, MCH (p <0.001, Fig. 6) and
TNCA_S (p<0.001, Fig. 7a) were significantly lower in
the flatfoot group than in the control group. TNCA_T
(p<0.001, Fig. 7b) was significantly larger in the flatfoot
group than in the control group. For the forefoot, Hibb
angle_S (p<0.001, Fig. 8b) and Hibb angle_T (p=0.015,
Fig. 8c) were significantly smaller in the flatfoot group

Fig. 1 Graph showing the mean parameters measured in the control group and flatfoot group. Hindfoot parameters included the calcaneofibular
distance, talofibular distance calcaneal inclination angle (CIA), lateral talocalcaneal angle (LTCA), angle between the talus and calcaneus (TACA),
talocalcaneal angle (TCA), and sinus tarsi volume. Midfoot parameters included the medial column height (MCH) and talonavicular coverage angle
(TNCA). Forefoot parameters included the first metatarsal-calcaneal angle (Hibb angle) and talar first metatarsal angle (Meary’s angle). Error bars
represent one standard deviation above and below the mean. *Denotes a significant difference (*p <0.05, **p < 0.001) between the control group

and flatfoot group
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Posterior view

calcaneofibular distance
Fig. 2 Calcaneofibular distance in a foot with flatfoot group (right)
in a standing position showed significantly reduced distance
compared to healthy control group (left)

a
Lateral view

CIA S
b

Superior view

CIA T

Fig. 3 a shows that the calcaneal inclination angle (CIA)

of the flatfoot group (below) was significantly reduced compared
with the control group (above) in the lateral view, and b shows
that the CIA of the flatfoot group (right) was significantly reduced
compared with the control group (left) in the superior view
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a
Lateral view

TCA_S

b

Superior view

TCA_T
Fig.4 The talocalcaneal angle (TCA) in a foot with flatfoot
group (right) in a standing position showed a significant increase

in the lateral (Fig. 4a) and superior (Fig. 4b) views compared
with the control group (left)

Lateral view

o

LTCA S

Fig. 5 The lateral talocalcaneal angle (LTCA) in a foot with flatfoot
group (right) in a standing position showed a significant increase
in the lateral view compared with the control group (left)

than in the control group. Meary’s angle_S (p<0.001,
Fig. 9a), Meary’s angle_T (p=0.001, Fig. 9b), and Hibb
angle C (p<0.001, Fig. 8a) were significantly larger
in the flatfoot group than in the control group. Logis-
tic regression revealed the risk prediction model of the
occurrence of flatfoot by selecting statistically signifi-
cant risk factors and using a forward stepwise regression
procedure. In this model, statistically significant factors
were Hibb angle_S (B=-0.379, OR=0.684) and MCH
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Lateral view

MCH
Fig. 6 The medial column height (MCH) in a foot with flatfoot
group (below) in a standing position showed a significant reduction
in the lateral view compared with the control group (above)

a

Lateral view

TNCA_S

b

Superior view

TNCA_T

Fig. 7 The talonavicular coverage angle (TNCA) in a foot with flatfoot
group (right) in a standing position showed a significant reduction

in the lateral and increase in the superior views compared

with the control group (left)

(B=—0.990, OR=0.372). The area under the ROC curve
of Hibb angle_S and MCH were 0.962 (95% CI: 0.917-1)
and 0.976 (95% CI: 0.946-1), and the cut-off values were
0.844 and 0.87, respectively (Fig. 10). The nomogram
demonstrated the comprehensive effects of these two
sensitivity factors on flatfoot, and the two parameters
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a
Anterior view

e

Hibb angle_A
b

Lateral view

Hibb angle_S

C
Superior view

Hibb angle T
Fig. 8 aThe first metatarsal-calcaneal angle (Hibb angle) in a foot
with flatfoot group (right) in a standing position showed a significant
increase in the anterior view compared with the control group
(left). b The Hibb angle in a foot with flatfoot group (below) showed
a significant reduction in the anterior view compared with the control
group (above). ¢ The Hibb angle in a foot with flatfoot group (right)
showed a significant reduction in the superior view compared
with the control group (left)

were negatively correlated with the occurrence of flatfoot
(Fig. 11).

Discussion

In this study, we compared 3D parameters between flat-
foot and healthy control groups using WBCT data. The
results revealed deformations in the forefoot, midfoot,
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a and hindfoot. This is consistent with previous studies

Lateral view that identified the morphological features of flatfoot as
the collapse of the medial longitudinal arch, heel valgus
deformity, and forefoot abduction [15].

Broos et al. [27] proposed based on experiment that
little qualitative difference between 2 and 3D measure-
ments, albeit with slight quantitative differences. How-

ever, the variation in 3D parameters was generally smaller
than those in the 2D parameters, leading to the conclu-
sion that the results of the 3D measurements were more
accurate. Before the fully automated 3D measurement,
many researchers often used weight-bearing radiographs
or WBCT to generate 3D isosurfaces of bones, and used
the rendered images to generate mathematical models
to calculate the landmark positions and principal axes
of bones [28, 29]. Even though all measurements were
calculated automatically, the bone structure still needed

manual selection. Ide Van den Borre [30] used WBCT for

automatic cutting and bone segmentation and automatic

measurement, and evaluation of foot and ankle align-
\:

Meary’s angle_S
b

Superior view

ment, avoid artificial measurement error, and provide
clinical accurate measurement results.

In our study, WBCT data were examined with partici-
pants in a standing position. A study by Barg [31] dem-
onstrated that traditional load-bearing radiograph was
susceptible to technical errors, such as rotational mis-
alignment, resulting in inaccurate measurements of path-
ological deformities. A study by Kido et al. [32] reported
differences in talus, scaphoid, and calcaneus positions

Meary’s angle_T on WBCT data compared with non-weight-bearing CT
Fig.9 aThe talar first metatarsal angle (Meary's angle) in a foot data. WBCT has been used to quantify the severity of
with flatfoot group (below) in a standing position showed the Progressive Collapsing Foot Deformity (PCFD) with

a significant increase in the lateral view compared with the control

group (above). b The Meary’s angle in a foot with flatfoot group good 1r.1tra- and interobserver reliability. [33, 34] Conti
(right) showed a significant increase in the superior view compared and Ellis [23] proposed that WBCT could better show the
with the control group (left) true orientation of bones and joints during loading com-

pared with standard CT. Although Conti and Ellis [23]
used a conventional CT scanner with an axial loading

100 z ;
L:FJ:'# o — Hibb angle_S
. 80- — MCH
X
2 #7 --- Reference Line
S 604 57
b=} o7
2
$ 40- g
(7] o7
20-
0 - Ll L) L) L) L]
0 20 40 60 80 100

100% - Specificity%
Fig. 10 Receiver operating characteristic (ROC) curve of the determining parameters of flatfoot. Hibb Angle between the long axis of the calcaneal
and the long axis of the first metatarsal bone. Medial column height (MCH) is the perpendicular distance between the most inferior aspect
of the cuboid and a horizontal line through the tuberosity of the calcaneus. Hibb angle_S and MCH showed an area under the ROC curve of 0.962
and 0.976 and cut-off values of 0.844 and 0.87, respectively
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Fig. 11 Logistic regression nomogram of parameters related to flatfoot occurrence. To use the nomogram, the values of MCH and Hibb angle_S
of individual patients are located on each variable axis. Dots are drawn upward to determine the points received by each variable. The sum of these
points is located on the Total Points axis, and a line is drawn downward to the Predicted Value axis to determine the probability of flatfoot

device, such device are still not fully load-bearing and do
not totally represent the features of a foot in a standing
position.

In the hindfoot

As the arch collapses, the foot’s force conduction disor-
der causes spatial displacement of the calcaneus and talus
in the hindfoot. The primary hindfoot differences in this
study indicated a decreased calcaneofibular impinge-
ment rate, calcaneal adduction and eversion, and talus
adduction and plantar flexion in the flatfoot group com-
pared to the healthy group. The calcaneofibular distance,
which assesses subfibular impingement, was significantly
smaller in the flatfoot group compared with the con-
trol group, potentially related to adduction or valgus of
the calcaneus [35]. Jeng et al. [36] performed WBCT in
25 patients with PCFD to assess subtalar and calcane-
ofibular impingement, finding that only 35% of patients
had calcaneofibular impingement. The mean coronal
calcaneofibular distance was 2.7 mm in patients with
calcaneofibular impingement, compared with 5.7 mm in
patients without calcaneofibular impingement. The CIA
and TCA, both used to describe the alignment of the
hindfoot, indicated a flatter foot with a lower CIA and a
greater TCA [35]. Consistent with other studies [37, 38],
we found the CIA_S to be significantly smaller in the
flatfoot group compared with the control group, indicat-
ing a decreased height of the medial longitudinal arch.
Additionally, the CIA_T was significantly smaller in the
flatfoot group than in the control group, which may be
due to increased calcaneal adduction or valgus. In this
study, the TCA_S and TCA_T were significantly larger in
the flatfoot group compared with the control group. Lo
et al. [38] found that a flatfoot group had a significantly
higher talus angle than a control group. The talus angle

provides an indication of talar inclination. Chen et al.
[39] proposed that adduction and movement of the talus
in the plantar direction become increasingly positive in
individuals with flatfoot. Moreover, there was an increase
in adduction or valgus of the calcaneus [40]. The LTCA
is used in the assessment of subtalar joint valgus. In this
study, the LTCA on the sagittal plane in the flatfoot group
was significantly larger than that in the control group.
According to Thapa et al.,, the LTCA increases with hind-
foot valgus in the anteroposterior projection [41].

In the midfoot

The collapse of the midfoot is the initial factor in the
pathogenesis of flatfoot, affecting the three-dimensional
force transmission of the entire foot. The main midfoot
difference indicated decreased medial arch height, talo-
navicular joint subluxation, and scaphoid abduction in
the flatfoot group compared to the healthy group. The
severity of medial arch collapse can be assessed using the
MCH [15]. In this study, the MCH of the flatfoot group
was significantly smaller than that of the control group.
This decrease in MCH reflected increased collapse of the
midfoot. The TNCA on the anteroposterior radiographs,
known as Kite’s angle, reflects the degree of talar uncov-
erage [15]. The more severe the flatfoot deformity—or, in
other words, the increase in the angle—the more uncov-
ered the distal articular aspect of the talus is by the navic-
ular [14]. In this study, TNCA_S was significantly smaller
in the flatfoot group than in the control group. TNCA_T
was significantly larger in the flatfoot group than in the
control group. Zhang et al. [42] 3D measurement tech-
niques to compare changes in the relative spatial position
of the talonavicular joints (compared with healthy feet) in
patients with stage II posterior tibial tendon dysfunction
in non-weight-bearing and weight-bearing conditions.
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In the talar joint, at 3° valgus of the talonavicular joint,
the scaphoid shifted 1.3 mm outward, 0.8 mm forward,
and 0.8 mm upward relative to the talus. This indicated
that flatfoot involves a subluxation of the talonavicular
joint and that this midfoot deformity may be affected by
scaphoid abduction [43].

In the forefoot

To adapt to the collapse of the medial arch [16], the pri-
mary forefoot differences in the flatfoot group, compared
to the healthy group, indicated abduction in the trans-
verse plane and prolapse of the first metatarsal proxi-
mal in the sagittal plane. The Hibb angle, which is the
angle between the axis of the calcaneus and the axis of
the first metatarsal, was significantly smaller in the flat-
foot group than in the control group. Previous studies
have often shown that flatfoot involves forefoot supina-
tion and hindfoot abduction and external rotation on
the anteroposterior view and dorsiflexion on the lateral
view [44]. These changes lead to an increase in Meary’s
angle_S and Meary’s angle_T and a decrease in the Hibb
angle. Furthermore, our study found that the Hibb angle
in the coronal plane was larger in the flatfoot group than
in the control group. The talar first metatarsal angle, also
known as Meary’s angle, is defined as the angle between
the long axis of the talus and the long axis of the first
metatarsal bone [15, 45]. The lateral Meary’s angle can
reflect increased talar inclination and hindfoot prona-
tion [35]. Our results showed that Meary’s angle_S and
Meary’s angle T were significantly larger in the flatfoot
group than in the control group.Kido et al. [46] also
reported that the rotation of the first metatarsal bone
relative to the first tarsometatarsal joint under load was
more dorsiflexed in flatfoot than in control foot.

In our study, the MCH and Hibb angle_S were highly
sensitive parameters for flatfoot. Similar to the study
by Kang et al. [12], the mean MCH in our study was
8.84 mm for the flatfoot group and 18.08 mm for the con-
trol group, showing a significant difference. The occur-
rence of flatfoot was closely related to the MCH value.
According to the ROC curve analysis, when the cut-off
value was lower than 0.87 mm, the risk of arch collapse
was significantly increased, and flatfoot was more likely.
The Hibb Angle S showed high sensitivity in the diag-
nosis of flatfoot. A lower Hibb Angle_S increased the
incidence of forefoot and hindfoot collapse. Monitoring
changes in Hibb angle_S could have important clinical
implications for reducing adverse outcomes in patients
with flatfoot [21]. The nomogram intuitively reflected the
effects of MCH and Hibb angle S on the occurrence of
flatfoot. The addition of MCH and Hibb angle S scores
in the nomogram directly corresponded to the occur-
rence of flatfoot, which could be helpful for the diagnosis
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and severity assessment of flatfoot. There were some
limitations to our study. First, as this study used WBCT,
which was acquired using CBCT, the high consumption
of CBCT resulted in low willingness of participants to
undergo CBCT examination, limiting the sample size of
each group. Second, this study did not consider degener-
ative changes due to advancing age. Overall, the results of
this study need to be confirmed in future clinical studies.

Conclusion

Under the standing loading condition, this study analyzed
the deformity of the entire foot in flatfoot using 3D meas-
urements of WBCT data. The morphological changes in
flatfoot can be succinctly summarized as midfoot col-
lapse, hindfoot valgus, and forefoot abduction. Our study
confirmed in detail the 3D spatial position changes in
flatfoot, including abduction of the forefoot and prolapse
of the first metatarsal proximal, decreased medial arch
height, subluxation of the talonavicular joint in the mid-
foot, adduction and valgus of the calcaneus, adduction
and plantar ward movement of the talus in the hindfoot,
and the first metatarsal abduction and dorsiflexion in the
forefoot. As demonstrated in this study, flatfoot involves
more complex 3D spatial position changes. WBCT can
reflect the performance of the foot in a standing state,
and the use of 3D measurement parameters can reveal
the subtle morphological changes of bone and joint cor-
respondence. This provides more accurate information
for the treatment planning of flatfoot.
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