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Abstract

Objective: To develop the pronation loading (PL) device, evaluate its intra- and inter-rater reliability in single-leg stance, and investigate
correlations between PL measures and gait kinetic and kinematic variables.

Methods: This cross-sectional study was conducted in two stages: (1) assessment of intra- and inter-rater reliability of the PL device,
and (2) investigation of correlations between PL measurements and kinetic and kinematic gait variables. Reliability was analyzed using
the intraclass correlation coefficient (ICC), and measurement error was assessed using the standard error of measurement (SEM) and
minimal detectable change (MDC). Associations were evaluated using Pearson’s correlation coefficient (r).

Results: Intra-rater reliability showed ICC of 0.75 and 0.73, with SEM ranging from 0.04 to 0.05. Inter-rater reliability demonstrated
an ICC of 0.77, an SEM of approximately 0.04, and an MDC between 0.11 and 0.13. Pronation loading measurements showed moderate
correlations with peak ankle evertor external moment, knee internal rotation moment, hip internal rotation moment, and hip adductor
moment during gait.

Conclusion: The PL test demonstrated good reliability and significant associations with selected gait-kinetic variables, suggesting
potential clinical applicability for assessing pronation-related loading during orthostatic standing.

Level of evidence lll; Cross-sectional (two stages).

Keywords: Foot; Gait; Flatfoot; Kinematics; Pronation.

Introduction

Foot pronation plays a fundamental role in human gait
mechanics®. Occurring primarily during the first half of
stance, it contributes to energy dissipation through the foot
structures®. As a triplanar motion, pronation involves calcaneal
eversion, talar plantarflexion, and adduction, resulting in lo-
wering and medial displacement of the navicular bone®.

Excessive pronation may overload musculoskeletal struc-
tures and increase injury risk® and is associated with plantar
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fasciitis®, posterior tibial tendinitis, and medial tibial stress
syndrome®. Due to the oblique orientation of the subtalar
joint, calcaneal eversion may be transferred proximally,

promoting medial rotation of the leg and thigh?®,

Orthotic insoles are commonly used to support the medial
longitudinal arch (MLA) and limit excessive pronation®,
However, excessive correction may restrict the physiolo-
gical pronation required for energy dissipation after initial
contact™™, Variable-density insoles produced by additive
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manufacturing have emerged as a strategy to allow controlled
pronation while maintaining biomechanical efficiency®,

To optimize orthotic prescription, it is essential to quantify
the force applied by the MLA to the ground in standing and
determine whether this measurement relates to dynamic gait
behavior. Therefore, this study describes the development of
a device to assess medial longitudinal arch loading during
single-leg stance, evaluates its intra- and inter-rater reliability,
and investigates its association with gait kinematic and
kinetic variables of the hip, knee, and ankle.

Methods

This cross-sectional study was divided into two stages. The
first stage evaluated the intra- and inter-rater reliability of the
device named pronation loading (PL), whereas the second
stage investigated the association between PL measurements
and gait kinetic and kinematic variables.

Participants were recruited from the physiotherapy tea-
ching clinic at the Universidade Federal dos Vales do Jequi-
tinhonha e Mucuri (UFVJM) through posters and social
media. All volunteers provided written informed consent
before the assessments. The research protocol was approved
by the Institutional Review Board under the number CAAE
31685420.9.0000.5108.

Pronation loading

The PL consists of a digital tensile and compression
dynamometer (Homis - MOD2100 - HOO4 - 557) with a load
cell fixed inside a wooden box measuring Tm x1m and 15 cm
in height. At the top of the box, a piece of wood roughly the
shape of the MLA is connected to the load cell by a screw,
allowing the measurement of the applied direct force. The
collected data, corresponding to the weight load on the MLA
support, are displayed on an external digital display, with
values presented in kilogram-force (kgf) (Figure 1).

Figure 1. Pronation loading equipment.
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Reliability
Participants

Individuals aged 18 to 45 years were included; they had
no neurological or orthopedic diseases, had not undergone
surgery on their lower limbs or spine, or used orthopedic
insoles in the 12 months prior to data collection, and were
able to remain in a single-leg stance for 10 minutes. Reports
of pain or discomfort during data collection were considered
exclusion criteria.

A sample size calculation was performed using G*Power
software?, based on Student’s t-test, with statistical power
set at 80% and a significance level of 0.05. The first data
collection involved 39 volunteers, 10 (25.65%) men and 29
(74.35%) women. During the two days of data collection,
we had a sample loss of 14 (35.90%) participants for various
reasons, including travel, illness, and nonresponse. Therefore,
25 (64.10%) volunteers completed the evaluation on the
second day of data collection, 5 (20%) men and 20 (80%)
women, with a mean weight of 62.50 kg.

Procedures

Data collection was performed on the same day, in a labo-
ratory, with the experimental conditions randomly assigned
by lottery using an opague envelope. The volunteers’ struc-
ture and mass were measured. For the PL measurement, the
volunteer was seated with the hip and knee joints flexed at 90
degrees and the ankle in a neutral position.

The foot was positioned on the wooden piece shaped like
the MLA. The volunteer was asked to stand upright, extend
the knee in a single-leg stance, and transfer all their body
weight onto the apparatus for 5 seconds, simulating the mid-
stance phase of gait. To avoid falls or instability, participants
were allowed light fingertip support against a wall. This
support was standardized across participants and limited to
minimal contact to reduce its influence on load distribution.
Only the dominant lower limb was assessed to standardize
testing conditions and reduce variability associated with
inter-limb differences. Although limb dominance may not
directly reflect pronation characteristics, this approach was
adopted to improve internal consistency.

Each measurement was repeated five times by two inde-
pendent evaluators, and the mean value was used for analysis.
After a seven-day interval, the same evaluators repeated the
procedure to calculate the intraclass correlation coefficient
(ICC).

Correlation with biomechanical variables
Participants

The sample size calculation for the correlation stage was
performed using G*Power software®™), based on Student’s
t-test, with statistical power set at 80%, a significance level
of 0.05, and a moderate effect size derived from a previous
study@®,
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The sample consisted of adults aged 18 to 45 years with
a body mass index (BMI) of less than 30 kg/m? and a foot
posture index (FPI) score of > +697. Exclusion criteria included
a history of fractures or surgical interventions in the lower
limbs within the last year, as well as pain or disability during
the performance of the tests®,

In total, 18 women (75%) and six men (25%) completed
the study. Table 1 presents the demographic characteristics
of the participants, indicating a mean age of 22.50 years
(SD = 4.25), a mean height of 167.22 cm (SD = 8.65), a mean
body mass of 65.36 kg (SD =10.62), and a mean BMI of 23.33
(SD = 2.76) (Table 1).

Procedures

Initially, the FPI test was performed to determine sample
inclusion. Following this, PL was collected, as previously
described. To obtain the kinetic and kinematic variables
of the ankle, knee, and hip in the coronal and transverse
planes during gait, a three-dimensional (3D) motion capture
system with nine cameras (Oqus 3+, Qualisys Medical AB,
Gothenburg, Sweden) operating at a frequency of 200 Hz was
used, synchronized with three FP 4060-08 force platforms
(Bertec, Columbus, Ohio, USA) at a frequency of 1000 Hz.

First, the cameras were positioned to cover the entire capture
area, and the system was calibrated using a calibration stick
to adjust the capture volume, scale, and coordinate origin.
Subsequently, the force platforms were configured, leveled,
and temporally synchronized with the motion capture system
to ensure synchronized data acquisition. Before each session,
the platforms were zeroed to eliminate deviations, and the
synchronization was tested to ensure data consistency. Finally,
anatomical markers were positioned on the participant’s body
so that the software could calculate biomechanical variables,
such as joint angles and ground reaction forces, enabling a
precise gait analysis.

Individual calibration involved the precise placement of
anatomical markers at specific points on the body, such
as joints and bone segments, to allow the capture system
to accurately track 3D movement. Passive markers were
attached to the lower limbs and pelvis, following the Calibrated
Anatomical Systems Technique (CAST) protocol®™®, as illus-
trated in Figure 2.

Table 1. Characteristics of the volunteers: correlation of pronation
loading with gait variables (n = 24)

Features Percentage

Sex 18 women (75%) 6 men (25%)
Age (years) 22.50 (4.25)
Height (cm) 167.22 (8.65)
Mass (kg) 65.36 (10.62)
BMI (kg/m?) 23.33(2.76)

SD = standard deviation; cm = centimeters; kg = kilograms; BMI = Body Mass Index.

First, anatomical landmarks were identified, and markers
were symmetrically placed, avoiding areas of excessive skin
movement to minimize relative motion errors. Subsequently, a
static test was performed to identify the participant’s neutral
posture, allowing the software to create a digital model of the
body structure. This model was adjusted based on individual
parameters such as joint alignment and body segment length.
Finally, five strides were collected at a self-selected speed,
while the 3D motion analysis system recorded the data.

Kinetic and kinematic data were processed and analyzed
using Visual 3D software (C-motion, Inc., Rockville, USA). The
marker trajectories and force data from the force platforms
were filtered using fourth-order Butterworth low-pass filters,
applying cutoff frequencies of 6 Hz for the marker trajectories
and 25 Hz for the force data.

Figure 2. Passive markers of the lower limb segment.
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Foot contact with the ground was automatically determined
by the software, using the vertical component of the ground
reaction force, with a threshold of 20 N. For each participant,
the mean values across the five trials were used in the
analysis, and all variables were normalized to a maximum of
101 points. The angular displacement of the hindfoot, knee,
and hip was calculated in the coronal and transverse planes
of the dominant lower limb.

Based on ground reaction force data, the inverse dynamics
technique was applied to calculate the external force
moments of the ankle, knee, and hip in the coronal and
transverse planes. These moments were normalized to the
volunteers’ body mass and reported in units of Nm/kg to
ensure comparability across participants.

Data analysis

To verify inter- and intra-examiner reliability, the ICC was
applied. In addition, the standard error of measurement
(SEM) was used to assess measurement accuracy, and the
minimal detectable change (MDC) was used to determine the
smallest detectable change.

Pearson’s correlation coefficient (r) was used to assess the
relationship between the PL measurements and kinematic
and kinetic gait variables from the 3D motion analysis system.
All statistical analyses were performed with a significance
level of a = 0.05.

Results
Pronation loading reliability

In the test-retest analysis, PL demonstrated satisfactory
intra-rater reliability. The intra-rater ICC was 0.75 (95% CI:
0.60-0.84) in the first collection and 0.73 (95% Cl: 0.58-0.83)
in the second collection. The SEM was 0.04 (95% Cl: -0.004-
0.13) and 0.05 (95% CI: -0.04-0.14) on the respective days.
These data are presented in Table 2.

Regarding examiner agreement, the instrument demons-
trated good inter-rater reliability. The inter-rater ICC was 0.77
(95% Cl: 0.63-0.85), with SEM of 0.04 (95% ClI: -0.04-0.13)
on the first day, and 0.77 (95% CI. 0.65-0.86) and SEM of
0.04 (95% CI: -0.04-0.12) on the second data collection. The
variation in MDC was low®®, ranging from 0.11 to 0.13.

Table 2. Test-retest measures of pronation loading (n = 25)

Mean (SD) ICC (95%Cl)
Intra-rater 1 0.17 (0.07) 0.75 (0.60-0.84)
Intra-rater 2 0.17 (0.07) 0.73 (0.58-0.83)
Inter-rater 1 0.17 (0.07) 0.77 (0.63-0.85)
Inter-rater 2 0.17 (0.07) 0.77 (0.65-0.86)

Correlation between pronation loading measurements and
gait variables

The normalized mean PL value showed a weak positive
correlation with peak ankle evertor externalmoment (r=0.450;
p = 0.027) and peak knee internal rotation moment (r = 0.427;
p =0.037). Additionally, significant correlations were observed
with peak hip internal rotation (r = 0.586; p = 0.003), peak hip
internal rotation moment (r = 0.583; p = 0.003), and peak hip
adductor moment (r = -0.427; p = 0.039) (Table 3).

We found no correlation between PL and the variables peak
ankle eversion (r = -0.209; p = 0.326); peak ankle abduction
(r =-0.273; p = 0.196); peak ankle external adductor moment
(r = -0.035; p = 0.872); peak knee adductor moment
(r = -0.217; p = 0.309); peak hip adduction (r = -0.117)
(p = 0.586); peak hip adductor moment (r = 0.050; p = 0.818)
and peak hip external rotation moment (r = 0.137; p = 0.524).

Discussion

The aim of this study was to develop the PL device to
quantitatively assess MLA loading, evaluate its intra- and
inter-rater reliability, and investigate its association with gait
variables in individuals with pronated feet.

Pronation loading reliability

Static tests, such as the PL, navicular drift test, and navicular
drop test, can be predictive of MLA height during the mid-
stance phase of gait. These weight-bearing tests reflect
the inferior displacement of the navicular bone and MLA. In
contrast, the supination resistance test (SRT), which involves
elevating the navicular bone, can be performed either
manually or with the supination resistance test machine
(SRTM)@, This test is frequently used in clinical and research
settings to estimate the force required to supinate the foot.
All of these tests are easy to administer and low-cost, making
them practical tools for clinical use.

This study investigated the reliability of PL and found good
intra- and inter-rater reliability. The intra-rater ICCs were 0.75
and 0.73, and the inter-rater ICCs were 0.77 on both data
collection days. Similar data were reported by Kirmizi et
al.®» who reported intra-rater ICC values of 0.93 and 0.97 for
the navicular drop test, 0.72 and 0.85 for the navicular drift
test, and 0.85 and 0.87 for the static and dynamic arc index,

SEM (95%Cl)
0.04 (-0.04-013)
0.05 (-0.04-0.14)
0.04 (-0.04-013)
0.04 (-0.04-012)

MDC (95%ClI)
0.12 (0.00-0.48)
0.13 (0.01-0.51)
0.12 (0.00-0.49)
0.1 (0.00-0.45)

Mean: refers to the combined mean values of days 1and 2 for intra-rater or the combined mean values of examiners 1and 2 for inter-rater (kgf). SD: Standard Deviation. 95% Cl: 95% confidence interval
ICC: Intraclass Correlation Coefficient. SEM: Standard Error of Measurement. MDC: Minimal Detectable Change in the 95% CI. Intra-rater: measurements for the same examiner on two different days.

Inter-rater: measurements for two different examiners on the same day.
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Table 3. Pearson correlation of the normalized mean of pronation
loading with biomechanical gait variables. (n = 24)

I . Normalized mean
Gait variables Pearson correlation ] -
pronation loading
Ankle eversion peak Pearson correlation -0.209
sign (2 limbs) 0.326
Peak external moment Pearson correlation 0.450*
of ankle evertor sign (2 limbs) 0.027
Peak ankle abduction* Pearson correlation -0.273
sign (2 limbs) 0.196
Peak external moment Pearson correlation -0.035
of ankle abductor* sign (2 limbs) 0.872
Knee adductor peak Pearson correlation -0.217
sign (2 limbs) 0.309
Peak moment of Pearson correlation 0.427*
Ln::;nal rotation of the sign (2 limbs) 0.037
Peak hip adduction Pearson correlation -0n7
sign (2 limbs) 0.586
Peak hip adductor Pearson correlation 0.050
SRR sign (2 limbs) 0818
Peak hip adductor Pearson correlation -0.425*
moment sign (2 limbs) 0.039
Peak internal rotation Pearson correlation 0.586**
of the hip sign (2 limbs) 0.003
Peak moment of Pearson correlation 0.137
external hip rotation sign (2 limbs) 0.524
Peak moment of Pearson correlation 0.583**

internal hip rotation sign (2 limbs) 0.003

**The correlation is significant at 0.01 level (2 extremes). *The correlation is significant at 0.05
level (2 extremes).

respectively. Furthermore, the SRTM showed an intra-rater
ICC of 0.89 and an inter-rater ICC of 0.78?",

Although the same individual may exhibit high intra-subject
variability in repeated measurements®®, in this study, the SEM
ranged from 0.04 to 0.05, while the MDC ranged from 0.1
to 0.13. These results indicate low variation across repeated
measurements, suggesting that PL is a reliable method for
assessing forces related to foot pronation. In comparison,
the SRT presented SEM values ranging from 7.3 to 9.0 and
MDC values between 20.4 and 24.9?%, demonstrating greater
measurement variability.

Correlation of pronation loading with 3D gait analysis

In our sample of individuals with flat feet, PL was positively
correlated with peak ankle evertor external moment (r =
0.480), peak knee internal rotation moment (r = 0.427),
peak hip internal rotation (r = 0.586), and peak hip internal
rotation moment (r = 0.583). A negative correlation was also
identified with the peak hip adductor moment (r = -0.427).

The positive correlation between PL and peak ankle
evertor moment suggests that increased foot pronation

is associated with greater lowering of the MLA, resulting
in overload on structures responsible for ankle eversion.
Previous studies indicate that increased rearfoot eversion
during gait is characteristic of individuals with flat feet@2®
and is associated with reduced MLA height®”, Changes in the
elastic behavior of the plantar fascia may contribute to gait
abnormalities in these individuals®® because increased MLA
flexibility reduces the foot’s ability to function as a rigid lever
during push-off. This change results in reduced support for
the gastrocnemius and soleus muscles, compromising gait
effectiveness®@®.

Excessive hindfoot pronation also influences internal tibial
rotation, causing passive stress and altering the direction of
forces on the patellofemoral joint®. A positive correlation
was observed between PL and peak internal knee rotation,
suggesting greater compression in medial knee structures
and a higher propensity for patellofemoral pain syndrome.
One proposed mechanism is that excessive foot pronation
leads to internal rotation of the tibia and femur, resulting
in a reduced contact area at the patellofemoral jointG®,
Excessive subtalar pronation has historically been identified
as a dysfunctional biomechanical factor in the lower limbs,
leading to adaptations in other joints®P. Although conflicting
evidence exists regarding the relationship between patello-
femoral pain syndrome and ankle and foot deformities, such
biomechanical changes must be carefully analyzed®©?,

Finally, the coupled movement between the hindfoot and
hip joints has already been reported in a previous study®®.
In the present study, we identified a positive correlation
between PL and peak internal hip rotation, and a negative
correlation with peak hip adductor moment. Reduced hip
adductor torque, together with increased hip and knee
internal rotation®®, reinforces the association between foot
pronation and proximal rotational mechanics during walking.
During the stance phase, increased hip adduction can be
a strategy to elevate the MLA by shifting the load to the
lateral side of the foot, thereby reducing the compressive
force on the MLA®®. The hip internal rotation moment
demonstrated a biphasic pattern during the stance phase,
with a first peak in early stance and a second peak in late
stance. This pattern is consistent with previously reported
normative gait data®®,

This study had several limitations. The PL showed substantial
variation over the 5-second recording period, suggesting that
a longer time may be needed for dynamometer stabilization.
In addition, the potential influence of external support on
weight transfer during testing cannot be entirely ruled out.
Another important limitation is that the wooden support
arch may not fully adapt to different foot morphologies and
sizes, potentially influencing the measured load and affecting
construct validity. Future designs should consider adjustable
or customizable interfaces to improve anatomical conformity.
Finally, the sample included a greater proportion of women
than men. Despite these limitations, the device appears to be
a reliable, low-cost, and easy-to-use tool with potential for
clinical application.
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