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Featured Application: A novel method for three-dimensional sole morphological measurements
gives high intra-rater, inter-rater, and inter-session reliability regardless of the rater’s experience
or time of measurement, and will be useful for foot assessment and subsequent applications,
such as design and manufacture of customized orthoses or shoes.

Abstract: Background: Assessment of the sole morphology provides a clinically useful measure of
the foot condition, but existing methods are mostly limited to two-dimensional or non-weight-bearing
conditions. The current study aimed to assess the reliability of a novel method called Single-Image-
Based Pin-Array Impression Reconstruction Method (SIBPAIR) implemented on a commercial foot
assessment system, and the intra-rater, inter-rater and inter-session reliability of the SIBPAIR-based
protocol for three-dimensional sole morphological measurements. Methods: The reliability of the
SIBPAIR method, and the intra-rater, inter-rater, and inter-session reliability of the SIBPAIR-based
protocol in measuring morphological parameters of the sole were assessed by repeated measurements
of fifteen young healthy adults by two male physical therapists, in terms of intra-class correlation
coefficients (ICC) and standard error of measurement (SEM). Results and Conclusions: The SIBPAIR
method was found to have very high reliability with very small SEM values, and the SIBPAIR-based
protocol also showed very high intra-rater, inter-rater, and inter-session reliability with small SEM.
These results indicate that accurate and reliable measurements could be obtained by following the
protocol regardless of the rater’s experience or time of measurement. This will be useful for foot
assessment and subsequent applications, such as design and manufacture of customized orthoses
or shoes.

Keywords: repeatability; foot morphology; foot scan; arch height; arch index

1. Introduction

The foot is one of the most complex anatomical structures in the human body, playing
an important role in the normal function of the lower extremities [1]. The foot adapts to
various terrains, and provides support and mobility necessary for standing and walking
while bearing the body weight. This is accomplished by means of complex mechanical
coordination between the highly loaded force-bearing structures of the foot/ankle complex,
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including the bones, muscles, ligaments, and articular surfaces. Therefore, any injuries or
deformities of any of the force-bearing structures will affect the coordination, and thus the
normal function of the complex. Since the bony structures provide kinematic links and
attachments for the soft tissues, which in turn help maintain the dynamic alignment of the
bones, morphological changes, or malalignment of the relevant bones will also affect the
normal mechanical environment of the complex, leading to increased risk of injuries [2–6].
Foot structure problems have been shown to have a prevalence of 46% to 80% in clinical
practice [7,8]. Maintaining a normal morphology and bony alignment is essential for the
prevention of relevant injuries.

Assessment of the sole morphology provides a clinically useful measure of the condi-
tion of the bony alignment and force-bearing structures. Several parameters quantifying
the sole morphology have been proposed and used in the literature and clinical practice,
such as foot length (FL) [9], foot width (FW) [10], arch height (AH), normalized arch
height (NAH), arch index (AI) [11], Staheli’s arch index (SAI) [12], Chippaux–Smirak index
(CSI) [13], hallux valgus angle (HVA) [14], minimal distance between hallux and other toes,
great toe height, and instep height, etc. [15,16]. Among these parameters, those related to
the medial longitudinal arch have received much research attention because the medial
longitudinal arch is one of the most important features of the foot structure, relating to
the absorption of ground forces and propulsion. The height of the medial longitudinal
arch provides a direct measure of the foot morphology and function, and has been used to
classify foot morphology into various types of normal-arched, low-arched, and high-arched
feet. Abnormal arch height will compromise the load transmission and weight-bearing
capabilities of the tarsal bones, increasing the risk of injuries of the ankle complex [17,18].
While the sole surface geometry and the medial arch height are three-dimensional in nature,
the relevant measurement has been limited to two-dimensional or non-weight-bearing
conditions. This is primarily because 3D measurement of the sole morphology under
weight-bearing conditions is technically challenging, if not impossible [19].

Most existing clinical assessments of the medial arch morphology and arch height are
based on 2D footprint or pressure distributions, which are easy and convenient to perform,
but cannot measure directly the vertical dimensions, such as arch height [20]. In addition,
the accuracy is limited as the arch morphology is 3D in nature, and the assessment is
often affected by the experience of therapists or physicians (i.e., raters) [21–23]. Several
attempts to predict 3D arch morphological parameters using a 2D footprint or planter
pressure distribution have been reported in the literature. For example, a multivariate
(5–6 variables) model based on plantar pressure parameters has been shown to predict
only about 60% of the variability of the static arch height [24,25]. Other studies found no
or moderate correlation between sub-areas of the plantar pressure area of the foot and
common foot parameters, such as foot posture index, calcaneal pitch, metatarsal angle, and
talocalcaneal angle [26]. The results of these studies suggest that features from the static
or dynamic planar pressure distribution failed to predict the three-dimensional (3D) foot
morphological parameters, especially the arch height.

With the advance of 3D scanning technology, it is possible to use 3D scanners to scan
the shape of the foot [20,27–31]. Three major types of 3D scanning methods have been
developed and used for body shape reconstruction, namely laser sensors [27,28,30], depth
sensors [31,32], and photogrammetry [20,29,33]. However, for the measurement of the
foot, a major limitation of the existing 3D scanning methods is that it only works during
non-weight-bearing conditions because the sole of the foot cannot be measured when it is
in contact with the floor under weight-bearing conditions. Standing on a glass platform
may allow the measurement of sole morphology using 3D scanning sensors under the
glass [31,32,34]. However, slight movement of the foot under weight-bearing conditions
or image distortion owing to the refraction of the light through the glass during scanning
may affect the accuracy of the measurements. Special calibration of measurements for
these conditions will be needed to improve the accuracy. Another limitation is that these
methods may not be applicable to measurements of alignment-corrected feet as the hands
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of the therapist may interfere with the measurement. Recently, a novel Single-Image-
Based Pin-Array Impression Reconstruction Method (SIBPAIR) was developed for sole
morphology measurements based on a commercially available foot assessment system
(FAST, Enford International Co., Taiwan) (Figure 1). It provides a tool that overcomes the
limitations of the existing methods in measuring the three-dimensional surface of the sole,
enabling the measurement of the associated morphological parameters under partial or
full weight-bearing conditions. However, the reliability of the novel approach has not yet
been established.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 3 of 13 
 

may affect the accuracy of the measurements. Special calibration of measurements for 
these conditions will be needed to improve the accuracy. Another limitation is that these 
methods may not be applicable to measurements of alignment-corrected feet as the hands 
of the therapist may interfere with the measurement. Recently, a novel Single-Image-
Based Pin-Array Impression Reconstruction Method (SIBPAIR) was developed for sole 
morphology measurements based on a commercially available foot assessment system 
(FAST, Enford International Co., Taiwan) (Figure 1). It provides a tool that overcomes the 
limitations of the existing methods in measuring the three-dimensional surface of the sole, 
enabling the measurement of the associated morphological parameters under partial or 
full weight-bearing conditions. However, the reliability of the novel approach has not yet 
been established. 

The aim of the current study was to assess the intra-rater, inter-rater, and inter-ses-
sion reliability of the overall protocol using the SIBPAIR method for measuring foot mor-
phological parameters related to the classification of the foot types based on the medial 
longitudinal arch morphology, namely FL, FW, AI, CSI, SAI, AH, NAH, and HVA, in 
terms of intraclass correlation coefficients (ICC). The reliability of the SIBPAIR method 
itself was also assessed in terms of the reproducibility of the measured morphological 
parameters for a set of given foot sole impressions. It was also hypothesized that there 
would be no significant differences between raters or between sessions for any of the 
measured morphological parameters. 

 
Figure 1. The Single-Image-Based Pin-Array Impression Reconstruction (SIBPAIR) method imple-
mented on a commercial 3D foot assessment system (FAST, Enford International Co., Taiwan): (A) 
measurement of the foot impression, and (B) reconstruction of the 3D sole surface for the subse-
quent calculation of foot morphological parameters. 

2. Materials and Methods 
2.1. Subjects 

Fifteen young adults (7 females, 8 males; 30 feet; age: 24.7 ± 1.3 years, height: 166.1 ± 
8.6 cm, body mass: 58.3 ± 10.3 kg) and two male physical therapists (one with two years 
of experience in foot assessment and one with ten years of experience) participated in the 
current study as subjects and raters, respectively, giving informed written consent as ap-
proved by the Institutional Research Board. The two physical therapists were selected 
from a group of ten senior therapists (with over ten years extensive clinical experience in 
foot assessment) and a group of ten junior therapists (with less than two years clinical 
experience of foot assessment), respectively, as typical members representative of their 
corresponding groups. This type of experimental design has been used in several previous 
test-retest reliability studies [35–37]. Subjects were excluded if they had foot deformities 
or histories of neuromuscular injuries or disorders of the lower extremities that affect gait 
or posture. An a priori power analysis for one-way repeated measurement analysis of 
variance (ANOVA) for the comparison of the morphological parameters between trials, 
between raters and between sessions based on pilot results using G-power [38] deter-
mined that a projected sample size of 23 feet would be needed with a power of 0.8 and a 

Figure 1. The Single-Image-Based Pin-Array Impression Reconstruction (SIBPAIR) method implemented on a commercial
3D foot assessment system (FAST, Enford International Co., Taiwan): (A) measurement of the foot impression, and
(B) reconstruction of the 3D sole surface for the subsequent calculation of foot morphological parameters.

The aim of the current study was to assess the intra-rater, inter-rater, and inter-
session reliability of the overall protocol using the SIBPAIR method for measuring foot
morphological parameters related to the classification of the foot types based on the medial
longitudinal arch morphology, namely FL, FW, AI, CSI, SAI, AH, NAH, and HVA, in terms
of intraclass correlation coefficients (ICC). The reliability of the SIBPAIR method itself was
also assessed in terms of the reproducibility of the measured morphological parameters
for a set of given foot sole impressions. It was also hypothesized that there would be
no significant differences between raters or between sessions for any of the measured
morphological parameters.

2. Materials and Methods
2.1. Subjects

Fifteen young adults (7 females, 8 males; 30 feet; age: 24.7 ± 1.3 years, height:
166.1 ± 8.6 cm, body mass: 58.3 ± 10.3 kg) and two male physical therapists (one with two
years of experience in foot assessment and one with ten years of experience) participated
in the current study as subjects and raters, respectively, giving informed written consent as
approved by the Institutional Research Board. The two physical therapists were selected
from a group of ten senior therapists (with over ten years extensive clinical experience
in foot assessment) and a group of ten junior therapists (with less than two years clinical
experience of foot assessment), respectively, as typical members representative of their
corresponding groups. This type of experimental design has been used in several previous
test-retest reliability studies [35–37]. Subjects were excluded if they had foot deformities
or histories of neuromuscular injuries or disorders of the lower extremities that affect gait
or posture. An a priori power analysis for one-way repeated measurement analysis of
variance (ANOVA) for the comparison of the morphological parameters between trials,
between raters and between sessions based on pilot results using G-power [38] determined
that a projected sample size of 23 feet would be needed with a power of 0.8 and a large
effect size (Cohen’s d = 0.8) at a significance level of 0.05. Thus, a sample size of 30 feet was
considered adequate for the main objectives of the current study.
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2.2. Single-Image-Based Pin-Array Impression Reconstruction Method (SIBPAIR)

The three-dimensional (3D) morphology of the sole of the tested foot was measured
using a novel method called Single-Image-Based Pin-Array Impression Reconstruction
Method (SIBPAIR) implemented on a commercial foot assessment system (FAST, Enford
International Co., Taiwan, Figure 1) [39]. The machine is 55.2 cm × 30.1 cm × 30.1 cm in
length, width, and height, respectively, and has 2129 color-coded (green, red and white)
pins (diameter: 3 mm) allocated in a measurement area (30 cm × 12 cm) with a maximum
measurement depth of 35 mm. According to the manufacturer, the machine has a high
3D surface reconstruction accuracy with a bias of 0.06 mm and a precision of 0.35 mm,
as well as a high surface reconstruction reliability (ICC > 0.98). Each subject stood on
the machine with the tested foot placed on the measurement area, with the longitudinal
axis of the foot connecting the tip of the second metatarsal head and the heel tip parallel
to the measurement area, pressing the probe pins downwards to form a 3D impression
of the foot. The position of the pins could be locked and maintained firmly by a uni-
axis fast locking mechanism. A single image (2048 × 1536 pixels) of the impression
was then taken using a tablet (Zenpad 8.0, ASUS, Taiwan; OS: Android 7.0), which was
supported by a 37 cm movable tablet-supporting arm affixed to the machine, and oriented
at an angle of about 20 degrees relative to the horizontal. These spatial parameters were
chosen to optimize the accuracy of the 3D measurements, according to the manufacturer.
A calibration image without a foot impression is also needed for the subsequent image
analyses and 3D reconstruction. The SIBPAIR Method identifies the color-coded pins that
are at known positions on the calibration image to define the local coordinate system of the
measurement area of the FAST machine, along with the intrinsic and extrinsic parameters
of the camera of the tablet, using Tsai’s method [40]. With the parameters of the camera, the
SIBPAIR method reconstructs the 3D surface of the foot impression by the following steps:
(1) identifies the 2D coordinates of the color-coded pins on the image of the impression;
(2) reconstructs the 3D coordinates of the pins using the camera parameters, 2D positions
of the pins, as well as the known physical distribution of the pins in the measurement area;
(3) calculates the morphological parameters of the sole from the reconstructed 3D surface.

2.3. Measurement Protocol Using SIBPAIR

Before foot sole measurement, each subject was asked to stand naturally with their
feet shoulder-width apart while the toe-out angles of both feet were measured. The subject
then stood with the tested foot placed on the measurement area of the FAST machine with
the longitudinal axes of the foot and the measurement area parallel to each other, while
the other foot was placed on a platform at the same height as the measurement surface.
The rater made sure that the subject stood with the same toe-out angles and stance width
as they had on the ground by guiding the subject to change the position and direction
of the foot on the platform, and shifting the body weight between the feet until reaching
a comfortable natural posture that approximated a relaxed 50% weight-bearing position
as recommend by international standards for foot measurements (ISO 7250-1:2017) [41].
During the test, the probe pins in contact with the sole of the foot were displaced to form a
negative of the sole surface, and their positions were locked by the locking mechanism. The
subject removed the tested foot and a photograph of the 3D impression was taken using
the tablet system at the predefined position supported by the rotating arm. The image was
then used to reconstruct the 3D surface of the sole using the SIBPAIR method, and the
morphological parameters were obtained.

2.4. Repeated Measurements

The evaluation of the reliability of the foot sole measurement using the SIBPAIR
method consisted of two parts: the SIBPAIR method alone, and the SIBPAIR-based mea-
surement protocol. For the reliability of the SIBPAIR method alone, each subject left his/her
foot impression on the measurement area with the assistance of the senior rater, and the
foot impression was then photographed and analyzed five times. The tablet was moved
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away from the measurement position after each measurement. For the assessment of the
intra-rater and inter-rater reliability of the overall measurement protocol, each subject
was assessed separately by the two raters in a random order following the measurement
procedure described above. Each foot was assessed by each rater five times (trials), giv-
ing five sole impressions, and each impression was measured five times. A 30-min break
was allowed between assessments by the two raters. A re-test session was performed at
least 24 h after the first session following the same test protocol to assess the inter-session
reliability [35,36].

2.5. Morphological Parameters of the Sole

Eight parameters describing the morphology of the sole of the foot, particularly
those related to the classification of the foot types based on the medial longitudinal arch
morphology, were considered in the current study, and were obtained from the 3D surface
of the sole reconstructed using the SIBPAIR method with the FAST system, namely FL,
FW, HVA, AI, SAI, CSI, AH, and NAH (Figure 2). The FL was defined as the horizontal
distance from the most anterior point of the foot to the most posterior point of the foot,
projected onto the longitudinal axis of the foot, defined as the line joining the tip of the
second distal phalange and the most posterior projection of the calcaneus. The FW was
defined as the horizontal distance perpendicular to the longitudinal axis between the most
medial prominence of the head of the first metatarsal and the most lateral prominence
of the fifth metatarsal. The HVA was defined as the angle formed by the vertical planes
best fitting the medial surfaces of the hallux and the foot (Figure 2). Three parameters for
quantifying the medial longitudinal arch based on the 2D footprint were considered in
the current study. They were obtained from the horizontal projection of the measured 3D
surface model of the sole. The AI was calculated as the ratio of the areas of the horizontal
projections of the mid foot (part B) and the foot (parts A + B + C) (Figure 2) [11]; SAI was
the ratio of the widths of the midfoot and heel (b/a, Figure 2) [12]; and the CSI was the
ratio of the widths of the midfoot and the metatarsals (b/c, Figure 2) [13]. In contrast to the
above parameters in the horizontal plane (or, footprint), the AH and NAH were obtained
from the vertical projection of the measured 3D surface model of the sole. The AH was the
maximum height of the longitudinal arch on the vertical plane passing through the medial
borders of the calcaneus and the first metatarsal, which further defined the NAH when
divided by the truncated foot length (TFL) (Figure 2) [17]
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2.6. Statistical Analysis

Comparisons of the morphological parameters between the measurements of the
five trials of the SIBPAIR method were performed using one-way repeated measurement
analysis of variance (ANOVA), while comparisons of measurements between raters (senior
vs. junior rater) and sessions (session 1 vs. session 2) were performed using a one-way
repeated measurement ANOVA. Reliability of these measurements was assessed in terms of
intraclass correlation coefficients (ICC) using a one-way random-effects model (ICC1,k) for
the SIBPAIR method, a two-way mixed-effects model (ICC3,1) for intra-rater assessments,
and a two-way random-effects model (ICC2,k) for inter-rater assessments, while a two-way
mixed-effects model (ICC3,k) was used for inter-session reliability [42,43]. The values of
ICC indicated high (0.81–1.00), good (0.61–0.80), moderate (0.41–0.60), fair (0.21–0.40), and
poor (below 0.20) reliability, respectively [44]. The standard error of measurement (SEM)
was also used to quantify the reproducibility of an assessment for the SIBPAIR method
and the raters. The SEM is an index of the precision of the measurements in the units
of the measured quantity, and was calculated using the square root of the within-subject
variance (SEM = s·

√
1− r; s is the standard deviation of the measurements and r is the

ICC). A statistical significance of 0.05 was set for all analyses. All statistical analyses were
performed using a statistical software package (SPSS v.21; SPSS Inc., Chicago, IL, USA).

3. Results

No significant between-trial differences were found for any parameters measured
using the SIBPAIR method (p > 0.05, Table 1). No interactions between rater and session
factors were found.

Table 1. Means (standard deviations, SD) of the measured foot parameters for each of the five trials,
as well as the ICC values for the reliability of repeated measurements of the SIBPAIR method (n = 30).

Trial FL
(mm)

FW
(mm) AI SAI CSI (%) AH

(mm) NAH HVA
(Degree)

1 254.5
(12.2)

103.5
(6.3)

0.30
(0.05)

1.02
(0.25)

54.8
(15.1)

96.6
(38.8)

0.05
(0.02)

9.9
(4.7)

2 254.6
(12.2)

103.4
(6.1)

0.30
(0.05)

1.02
(0.24)

54.8
(15.4)

96.4
(38.4)

0.05
(0.02)

10.0
(4.6)

3 254.6
(12.1)

103.5
(6.1)

0.30
(0.05)

1.02
(0.24)

54.9
(15.7)

96.0
(38.1)

0.05
(0.02)

10.2
(4.7)

4 254.6
(12.2)

103.3
(6.1)

0.30
(0.05)

1.02
(0.26)

54.1
(15.9)

97.5
(39.3)

0.05
(0.02)

10.1
(4.5)

5 254.8
(12.4)

103.3
(6.1)

0.30
(0.05)

1.02
(0.24)

54.2
(15.9)

96.1
(39.1)

0.05
(0.02)

10.0
(4.4)

p-value 0.29 0.73 0.48 0.08 0.16 0.537 0.553 0.054
ICC 0.99 0.99 0.98 0.99 0.99 0.99 0.99 0.99
SEM 0.85 0.43 0.003 0.002 1.10 2.7 0.001 0.32

The SIBPAIR method showed a very high level of reliability of repeated measurements
for all foot parameters (ICC > 0.98) (Table 1). Very high intra-rater reliability was also found
for all foot parameters measured by both raters following the measurement protocol (ICC
> 0.84; ICC = 0.84 for SAI and HVA; Table 2). No significant rater or session effects were
found for any foot parameters (p > 0.05, Tables 3 and 4). Very high inter-rater (ICC > 0.96)
and inter-session (ICC > 0.86) reliability were also found for the measurement protocol for
all foot parameters (Tables 3 and 4).
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Table 2. Means (standard deviations, SD) of foot parameters for each of the five trials by the senior
and junior raters. ICC values for intra-rater reliability of the repeated measurements are also given
(n = 30).

Trial FL
(mm)

FW
(mm) AI SAI CSI

(%)
AH

(mm) NAH HVA
(Degree)

Senior rater

1 253.8
(13.1)

101.3
(5.9)

0.30
(0.04)

1.03
(0.25)

52.1
(16.4)

96.7
(41.9)

0.05
(0.02)

11.0
(4.8)

2 254.5
(12.6)

102.6
(5.6)

0.30
(0.04)

1.01
(0.21)

53.7
(16.1)

97.8
(46.8)

0.05
(0.02)

10.8
(5.0)

3 253.2
(11.7)

101.8
(5.6)

0.30
(0.04)

1.01
(0.22)

54.7
(15.5)

98.5
(46.2)

0.05
(0.02)

10.3
(4.7)

4 254.8
(12.9)

101.7
(5.4)

0.30
(0.04)

1.04
(0.23)

54.9
(15.1)

96.4
(47.5)

0.04
(0.02)

10.6
(4.9)

5 253.7
(12.4)

101.5
(5.9)

0.30
(0.04)

1.03
(0.21)

55.8
(15.0)

93.5
(47.3)

0.04
(0.02)

10.5
(4.7)

p-value 0.07 0.06 0.382 0.515 0.051 0.457 0.236 0.627
ICC 0.96 0.91 0.9 0.86 0.91 0.9 0.9 0.86
SEM 1.75 1.19 0.009 0.006 3.28 10.1 0.005 1.25

Junior rater

1 254.3
(13.3)

103.4
(5.9)

0.30
(0.04)

1.05
(0.21)

55.9
(14.8)

88.8
(38.6)

0.04
(0.02)

10.8
(5.3)

2 253.9
(13.1)

103.1
(5.5)

0.30
(0.04)

1.04
(0.23)

53.7
(13.0)

96.4
(42.2)

0.05
(0.02)

9.9
(4.7)

3 254.5
(13.8)

103.3
(6.2)

0.30
(0.04)

1.05
(0.23)

56.8
(15.0)

93.4
(40.4)

0.04
(0.02)

10.3
(5.00)

4 254.2
(12.6)

102.9
(6.00)

0.30
(0.04)

1.01
(0.21)

54.8
(16.3)

91.5
(37.7)

0.04
(0.02)

10.4
(5.9)

5 254.4
(13.3)

102.7
(5.8)

0.30
(0.04)

1.02
(0.20)

54.7
(15.9)

94.7
(39.2)

0.05
(0.02)

10.1
(4.5)

p-value 0.89 0.60 0.23 0.30 0.20 0.11 0.40 0.48
ICC 0.97 0.91 0.91 0.84 0.87 0.92 0.9 0.84
SEM 1.59 1.43 0.008 0.006 3.78 7.8 0.004 1.43

Table 3. Means (standard deviations, SD) of the foot parameters, as well as inter-rater ICC and SEM
(n = 30).

Foot Parameters Session Mean (SD) ICC SEM p-Value

FL (mm)
Senior 254.0 (12.1)

0.98 2.54 0.65Junior 254.3 (12.8)

FW (mm)
Senior 101.8 (5.2)

0.90 2.51 0.55Junior 103.1 (5.1)

AI
Senior 0.30 (0.04)

0.92 0.01 0.91Junior 0.30 (0.04)

SAI
Senior 1.02 (0.2)

0.91 0.08 0.91Junior 1.03 (0.2)

CSI (%)
Senior 54.2 (15.0)

0.92 5.9 0.60Junior 55.1 (14.3)

AH (mm)
Senior 96.6 (43.2)

0.99 5.4 0.74Junior 92.9 (37.6)

NAH
Senior 0.05 (0.02)

0.99 0.003 0.79Junior 0.05 (0.02)

HVA (degrees) Senior 10.5 (4.3)
0.88 2.3 0.23Junior 10.3 (4.5)

The SEM values for the SIBPAIR method were 0.85 mm, 0.43 mm, 0.31◦, 2.7 mm, and
0.001 for FL, FW and HVA, AH, and NAH, respectively (Table 1). Those for AI, SAI, and CSI
were 0.003, 0.002, and 1.10%, respectively (Table 1). When the experimental protocol was
used, the SEM values were slightly increased. For the senior rater the SEM were 1.75 mm,
1.19 mm, 1.25◦, 10.1 mm, and 0.005 for FL, FW and HVA, AH, and NAH, respectively
(Table 2). Those for AI, SAI and CSI were 0.009, 0.006, and 3.28%, respectively (Table 2).
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The corresponding values for the junior rater were 1.59 mm, 1.43 mm, 1.43◦, 7.8 mm, 0.004,
0.008, 0.006, and 3.78%, respectively (Table 2).

Table 4. Means (standard deviations, SD) of the foot parameters, as well as inter-session ICC and
SEM (n = 30).

Foot
Parameters Session Mean (SD) ICC SEM p-Value

FL (mm)
First 255.4 (13.3)

0.98 2.6 0.82Second 254.2 (12.7)

FW (mm)
First 102.5 (5.1)

0.91 2.2 0.74Second 102.4 (5.0)

AI
First 0.30 (0.04)

0.91 0.01 0.55Second 0.30 (0.04)

SAI
First 1.03 (0.23)

0.90 0.08 0.57Second 1.04 (0.21)

CSI
First 55.5 (14.0)

0.91 6.4 0.49Second 55.4 (15.2)

AH (mm)
First 97.2 (42.2)

0.97 10.4 0.65Second 96.0 (41.8)

NAH
First 0.04 (0.02)

0.94 0.007 0.95Second 0.04 (0.02)
HVA

(degrees)
First 10.8 (4.4)

0.86 2.2 0.19Second 10.9 (4.0)

The SEM values for the inter-rater measurements were 2.54 mm, 2.51 mm, 2.30◦,
5.4 mm, 0.003, 0.01, 0.08, and 5.9% for FL, FW and HVA, AH and NAH, AI, SAI, and
CSI, respectively (Table 3). The corresponding values for inter-session measurements were
2.58 mm, 2.23 mm, 2.20◦, 10.4 mm, 0.007, 0.01, 0.08, and 6.4%, respectively (Table 4).

4. Discussion

The current study aimed to assess the reliability of the novel SIBPAIR method, and the
intra-rater, inter-rater, and inter-session reliability of the overall SIBPAIR-based measure-
ment protocol for foot morphological parameters, in terms of ICC and SEM. The SIBPAIR
method was found to have very high reliability with very small SEM values (Table 1). The
overall SIBPAIR-based measurement protocol was also shown to have very high intra-rater,
inter-rater, and inter-session reliability with small SEM. The current results indicate that fol-
lowing the experimental protocol the SIBPAIR method implemented on the FAST machine
was capable of producing accurate and reliable measurements regardless of the rater’s
experience or time of measurement. These outcomes will be useful for foot assessment and
subsequent applications, such as design and manufacture of customized orthoses or shoes.

The SIBPAIR method identifies the 2D coordinates of the color-coded pins on the
image of the impression. These coordinates are then combined with the camera parameters
and the known physical distribution of the pins in the measurement area to reconstruct
the 3D coordinates of the pins, and thus the 3D surface of the foot sole. Given a foot
impression, the SIBPAIR method showed a very high reliability with ICC values greater
than 0.95, indicating that the 2D image analysis, the 3D surface reconstruction, and the
morphological parameters calculated were highly repeatable when the measurement image
was taken at different poses within a range allowed by the movable tablet-supporting
arm. The SIBPAIR method also showed low SEM values for the morphological parameters
measured, without significant differences between trials. Standard error of measurement is
a measure of how much the measurements are spread around the “true” outcome. The high
ICC and low SEM suggest that the SIBPAIR method is a reliable and accurate method for
foot morphological measurements, and that the repeatability of the outcome measurements
in real-life applications will require using the measurement protocol involving the subject
positioning and rater operation.
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Following the measurement protocol, the SIBPAIR method showed high intra-rater,
inter-rater, and inter-session reliability with ICC values greater than 0.90 and low SEM,
indicating that rater experience and time of measurement did not affect the reliability of
the measurement of most morphological parameters. These results were much better than
those from most previously published methods, especially for parameters that are 3D in
nature and not directly defined on 2D footprint or pressure distributions. For example,
AH and NAH measured using scales were reported to have moderate (ICC = 0.565 and
0.563) to high (ICC = 0.71) reliability [17,45]. In the current study, the HVA was the only
parameter with an ICC slightly less than 0.90 (ICC > 0.84). These results indicate that the
SIBPAIR method has high reliability for studies of groups of patients in a clinical trial,
and is also acceptable for assessment of individuals, except for the HVA. As suggested by
Fitzpatrick et al. (1998), an ICC of 0.90 may be considered the minimum level acceptable to
be used in individuals [46]. The relatively reduced reliability in HVA seems to be a common
issue among measurement methods, as previous studies also reported relatively low relia-
bility for this parameter [17]. Other studies reported low to moderate reliability for HVA.
Use of goniometry, for instance, had moderate values (ICC = 0.81) [47], whereas footprint
analysis for the foot angle (not specifically HVA) showed low ICC values (0.33–0.78) [48].
The reliability of the SIBPAIR-based measurement protocol for HVA was comparable to
that using X-ray imaging (ICC = 0.89) and very close to the minimum level of 0.9 for
use in individuals, indicating a significant improvement over most existing non-ionizing
measurement methods.

For parameters that were directly defined based on 2D footprint or pressure distributions
in the literature, namely the three arch indices (AI, SAI, and CSI), the current approach results
also gave high intra-rater, inter-rater, and inter-session reliability with ICC values greater than
0.90 and low SEM. These results were comparable with most previously published methods
and were even better than some methods. The AI measured using footprints and plantar
pressure distributions was reported to have high intra-rater (ICC = 0.96–0.99) and inter-session
(ICC = 0.94) reliability [11,49,50], while high intra-rater (ICC = 0.96) and moderate inter-rater
(ICC = 0.80) reliability was reported for SAI [51,52], and the corresponding ICC values for
the CSI were 0.99 and 0.79, respectively [51]. These previous studies showed that based on
pressure platform and footprint data, AI could be a highly reliable parameter, but the SAI
and CSI were only moderately reliable when measured by different raters, and tended to be
underestimated [51]. The current results show that the SIBPAIR-based method overcomes
the limitations of existing methods based on footprint or plantar pressure, achieving high
measurement reliability for all the sole parameters considered in the current study.

The current study reports the test-retest reliability of a new experimental protocol
based on the SIBPAIR method implemented on the FAST machine. The results showed that
the new method was capable of giving accurate and reliable measurements regardless of
the rater’s experience or time of measurement. It will be useful for foot assessment and
subsequent applications, such as design and manufacture of customized orthoses or shoes.
It may also be useful for the study of morphological differences between dominant and
non-dominate feet. The current study was limited to normal foot morphology. Further
studies may include a reliability assessment on subjects with a greater range of foot defor-
mities, e.g., severe hallux varus, clubfoot, etc. Given the high reliability and low SEM for
most of the parameters, a direct validation of the measurements against measurements
made by using medical images will be needed for future applications that required accurate
data for decision-making, such as in a clinical setting. Further studies may also include
more parameters based on the reconstructed weight-bearing 3D sole surface measured
by the current approach, such as the distances of the first and fifth metatarsophalangeal
joints to the sustentaculum tali, great toe height, distal end of the first toe and instep
height [15,16,53,54], and may determine their test-retest reliabilities. One senior and one
junior rater were used in the current study following previous protocols [35–37]. Fur-
ther studies may include raters with different levels of experience for a more complete
assessment of the effects of rater experience.
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5. Conclusions

The current study shows that the SIBPAIR method had both high instrument and
test protocol reliabilities in reconstructing the three-dimensional foot sole surface and
measuring foot parameters. The current results indicate that by following the experimental
protocol the SIBPAIR method implemented on the FAST machine was capable of producing
accurate and reliable measurements regardless of the rater’s experience or time of measure-
ment. This will be useful for foot assessment and subsequent applications, such as design
and manufacture of customized orthoses or shoes.
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Abbreviations

2D two-dimensional
3D three-dimensional
AI arch index
AH arch height
ANOVA analysis of variance
CSI Chippaux-Smirak index
FL foot length
FW foot width
HVA hallux valgus angle
ICC intra-class correlation coefficients
NAH normalized arch height
SIBPAIR single-image-based pin-array impression reconstruction method
SAI Staheli’s arch index
SEM standard error of measurement
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