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This article provides an overview of the development history and advantages and

disadvantages of measurement methods for soft tissue properties of the plantar

foot. Themeasurement of soft tissue properties is essential for understanding the

biomechanical characteristics and function of the foot, as well as for designing

and evaluating orthotic devices and footwear. Various methods have been

developed to measure the properties of plantar soft tissues, including

ultrasound imaging, indentation testing, magnetic resonance elastography, and

shear wave elastography. Each method has its own strengths and limitations, and

choosing the most appropriate method depends on the specific research or

clinical objectives. This review aims to assist researchers and clinicians in

selecting the most suitable measurement method for their specific needs.
KEYWORDS
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measurement method
1 Introduction

Diabetes has become one of the most serious health threats in today’s era. It has been

reported that if the current trend of diabetes prevalence continues, it is estimated that by

2050, 21–33% of the US population will suffer from diabetes (1). China has the largest

diabetic population in the world, with an estimated 116 million adults affected, accounting

for about 25% of global diabetes cases (2). Diabetes is associated with complications

affecting multiple systems in the body, such as retinopathy, kidney disease, diabetic foot

ulceration (DFU), and autonomic neuropathy. Foot-related diseases, including infections,

ulcers, and gangrene, are common symptoms among hospitalized diabetes patients. Among

them, DFU is one of the most common complications of diabetes, with approximately
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15–25% of diabetes patients experiencing DFU in their lifetime, and

5–24% of patients requiring amputation within 6–18 months after

the first DFU assessment (3–5). According to the International

Diabetes Federation, globally, approximately 9.1–26.1 million

diabetes patients develop DFU each year (6). DFU imposes a

significant burden on society, including limb disabilities in

diabetic patients and the associated substantial hospitalization

and healthcare costs. In the United States, the average cost of

treating a DFU patient is around $13,179, totaling up to $58 billion

annually (7, 8).

DFU is primarily developed based on three key pathological

factors: neuropathy, trauma with secondary infection, and peripheral

arterial disease (9). Peripheral neuropathy leads to intrinsic muscle

atrophy in the feet, resulting in hammer toes and the creation of

“high-pressure” areas beneath the metatarsal heads. In the presence

of impaired skin sensation and proprioception, decreased feedback

and adaptive adjustments to pain or pressure in the feet can lead to

repeated micro-trauma even during normal walking, causing the

protective plantar fat pad to atrophy and dislocate, ultimately leading

to foot ulceration and infection (10). Diabetes-induced neuropathy is

a symmetrical polyneuropathy affecting motor, sensory, and

autonomic nerve functions to varying degrees. These factors

contribute to abnormal gait, altered plantar pressure and shear

forces, increased risk of infection, decreased injury threshold, and

reduced skin healing capacity, collectively leading to DFU

development. Hyperglycemia and its related metabolic changes can

cause endothelial damage, elevated blood lipids, increased platelet

adhesion and activation, and, over time, the development of

atherosclerosis. With the progression of diffuse tibial arterial

occlusion or more proximal arterial occlusion, inadequate

microcirculation in the feet to maintain skin integrity can lead to

ischemic ulcers and gangrene, and reduced self-healing ability for

minor tissue injuries further exacerbates soft tissue damage (9).

Therefore, DFU occurs and progresses as a result of the combined

effects of multiple biological and mechanical mechanisms.

The foot is the first point of contact with the ground during

human locomotion and bears several times the body weight as a

reactive force. The plantar soft tissues serve as the primary

cushioning structure that maximally reduces the transmission of

impact stress to the skeletal system (11–13). In diabetic patients, a

prolonged hyperglycemic environment leads to a series of chemical

reactions between reducing sugars and cellular proteins, resulting in

the formation of advanced glycation end products (AGEs) (14, 15).

The accumulation of AGEs is a major cause of diabetic tissue

pathology and physiological changes (16, 17). The buffering

capacity of the plantar soft tissues depends largely on their

viscoelastic properties. Therefore, if the tissues lose their

viscoelasticity due to continuous AGE accumulation, their ability

to absorb impact and evenly distribute loads during weight-bearing

activities will be reduced (18). Increased stiffness, decreased

damping effects, and lower tissue damage thresholds in the heel

pad of diabetic patients have been confirmed by numerous studies.

Thus, accurate measurement of the structural and biomechanical

parameters of the plantar soft tissues is crucial for DFU prevention

and early risk classification (19). Although the heel region is not the

highest occurrence area for DFU and other pathological conditions
Frontiers in Endocrinology 02
on the sole, the heel pad (HP) has always been a more focused site

among scholars when studying the material properties of the

plantar soft tissues. Possible reasons include: (1) although DFU

and other pathological conditions in the heel region are not the

most common, once they occur in this area, they are difficult to heal

and greatly affect the patient’s mobility, resulting in high treatment

costs (20); (2) the unique structure of the heel pad makes it an ideal

subject for biomechanical research. Compared to the forefoot fat

pad, the heel pad has a more specialized structure, comprised of

differentiated adipocytes surrounded by fibro-septal compartments

that form a honeycomb-like pattern (20). Additionally, the heel pad

has a relatively thick and large volume, making it easier to observe

and capture morphological changes during gait. The exploration of

testing methods for the biomechanical properties of the plantar soft

tissues has been ongoing, and significant progress has been made as

advancements in available tools and measurement techniques have

emerged. This paper provides a comprehensive review of the

development process of testing methods for the biomechanical

properties of plantar soft tissues in diabetic patients. It aims to

guide the establishment of novel measurement tools for assessing

the biomechanical properties of plantar soft tissues, provide

references for selecting more accurate and convenient testing

methods in clinical practice, and assist in the prevention and

early risk classification of DFU.
2 Structural and biological
characteristics of plantar soft tissues

During the gait cycle, the foot plays a crucial role in force

transmission as it first contacts the ground. The plantar fat pad

serves as a natural “shock absorber” with energy dissipation

properties, providing cushioning and damping effects. The

internal structure of plantar soft tissues consists of numerous

highly differentiated compartments, as illustrated in Figure 1.

These compartments are composed of adipocytes surrounded by

fibrous septa, forming closed structures that do not communicate

with each other (21). Within the plantar region, from the skin layer

to the bone surface, the soft tissues differentiate into shallow smaller

compartments and deeper larger compartments. The smaller

compartments undergo minimal deformation and exhibit

approximately ten times the stiffness of the larger compartments,

which mainly deform under load and significantly contribute to the

viscoelastic properties of the plantar soft tissues (21).

The intact structure of plantar soft tissues is crucial for buffering

external stresses imposed on them, functioning similarly to a

damper that attenuates peak forces and dampens vibrations (22).

During walking, a portion of the compressive or shear energy

applied to the plantar soft tissues dissipates as heat, while another

portion is released through elastic rebound (23). The complex

differentiated structure of healthy plantar soft tissues enables

them to withstand stress impacts during daily activities without

sustaining damage. However, conditions such as aging, diabetes,

plantar fasciitis, peripheral neuropathy, foot vascular diseases, cavus

foot, rheumatoid arthritis, hormonal use, and trauma can lead to

degeneration of the plantar fat pad, resulting in reduced damping
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effects and lowered damage thresholds. Diabetes introduces

complex biochemical changes in the body, and persistent

hyperglycemia and accelerated accumulation of AGEs are major

factors underlying detrimental pathological changes in diabetic

plantar soft tissues (24).

Morphological studies have demonstrated tissue morphological

changes in the plantar fat pad of diabetic patients, including

decreased volumes of adipocytes, increased thickening and

fragmentation of fibrous septa, and relative decrease in fat content

with increased fibrous septa content (25–30). Wang et al. (25)

compared the morphological differences in the plantar fat pads

beneath the first metatarsal head and heel between diabetic and

non-diabetic cadaveric specimens and found that fibrous septa and

dermal layers were significantly thicker in the plantar fat pads of

diabetic patients, while fusion degree between dermis and epidermis

and the size of adipocytes showed no significant differences. In

another study by Wang et al. (26), histological and biochemical

composition analyses were performed on six different regions of the

plantar fat pad (big toe area, first metatarsal head area, third

metatarsal head area, fifth metatarsal head area, lateral arch area,

and heel area) from elderly diabetic and non-diabetic cadavers. The

authors found that the most significant changes in diabetic patients,

compared to the healthy population, were increased thickness of

fibrous septa and increased elastic fiber content, while no significant

difference was observed in fibrous septa thickness between the heel

area and other regions, but elastic fiber content was markedly

reduced. Waldecker and Lehr (27) conducted biopsies on the

subcalcaneal fat pad tissue, but their research did not find any

differences in adipocyte size between diabetic and non-diabetic

individuals. Others have reported that the skin thickness (both on

the foot dorsum and at other locations) is greater in diabetic patients

(28, 29), and impaired gene expression related to extracellular matrix

remodeling leads to decreased mechanical performance (30). Kuhns

et al. (31) reported twisted and fractured collagen fiber bundles in the

fibrous septa and fat cell extravasation in degenerated heel pads of
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elderly individuals. The most notable changes in degenerated plantar

fat pads were the relative increase in the amount, thickness, and

fragmentation of elastic fibers (12). These changes result in decreased

damping performance, reduced energy dissipation capacity, and

consequently, more energy acting on the plantar soft tissues during

gait, leading to further tissue damage.

Plantar soft tissues exhibit typical viscoelastic properties and

can be simplified according to the Kelvin-Voigt viscoelastic material

model, composed of parallel linear elastic elements and nonlinear

viscous elements (Figure 2). The normal damping and stress-

buffering capabilities of plantar soft tissues depend largely on

their viscoelasticity. During the gait cycle, the plantar soft tissues

experience repeated cycles of stress loading and unloading. Due to

the viscoelastic properties of the plantar soft tissues, the energy

generated during impact between the foot and the ground is

partially dissipated as heat during the tissues’ rebound, thereby

attenuating the energy transmitted to the skeletal system. Stress-

strain curves during loading and unloading cycles form

characteristic hysteresis loops, with the size of the area reflecting

the energy dissipation performance of plantar soft tissues. When

biochemical composition and tissue morphology of plantar soft

tissues change due to prolonged hyperglycemia, their viscoelastic

properties are affected, further reducing their ability to absorb shock

and evenly distribute loads during weight-bearing activities (18).

Therefore, testing the viscoelastic properties of plantar soft tissues

in diabetic foot conditions is an important approach for evaluating

the progression of diabetic foot. However, existing research has

primarily focused on testing the elastic properties of plantar soft

tissues, often neglecting the exploration of their viscous properties.

The time-dependent viscous properties of plantar soft tissues play a

significant role in stress buffering and energy dissipation (32).

Studies have shown that the viscous properties of plantar soft

tissues are more sensitive in assessing the diabetic condition

compared to other commonly used parameters such as tissue

stiffness (33).
A B

FIGURE 1

Schematic diagram of the internal structure of the heel pad (HP). (A) HP is a soft tissue fat pad located under the human heel, with an average thickness
of 18mm. It is the first point of contact between the human body and the ground during walking. (B) HP exhibits a specialized honeycomb-like
structure, composed of dense fibrous septa that encapsulate the fatty tissue. The main components of the fibrous septa are collagen fibers and elastic
fibers, originating from the plantar fascia and terminating in the dermis, forming a completely closed cavity structure. Numerous fat cells are filled in the
closed cavity formed by the fibrous septa. HP consists of an outer small compartment layer and an inner large compartment layer, exhibiting different
biomechanical properties. The outer compartment layer is approximately 10 times stiffer than the inner compartment layer and undergoes minimal
deformation under normal loads, while the large compartment layer is the primary structure responsible for compression deformation.
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3 Advancements in biomechanical
testing of plantar soft tissues

Accurate and convenient testing of the biomechanical

properties of plantar soft tissues plays a crucial role in the

prevention and risk stratification of DFUs. As reported by Naemi

et al. (34), the mechanical properties of plantar soft tissue measured
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using ultrasound elastography technique can be used to improve the

predictability of DFU in moderate/high risk diabetic patients. In

Morrison et al. (35), the authors aimed to ascertain if B-mode

ultrasound could be clinically applied to identify structural change

in the diabetic foot and be utilised as an early predictor of ulceration

risk. However, they found that no direct evidence was found to

indicate B-mode ultrasound measures can predict soft tissue

changes in the plantar foot in diabetes. With an increasing

understanding of the tissue morphology and biomechanical

properties of plantar soft tissues, as well as advancements in

testing equipment and analysis methods, numerous methods have

emerged to evaluate the material properties of plantar soft tissues.

Overall, the development of these techniques has transitioned from

ex vivo studies to in vivo research and from quasi-static conditions

to dynamic loading. The developmental history and respective

advantages and disadvantages of measurement methods for

plantar soft tissue material properties are shown in Figure 3.

Initially, researchers primarily created standardized test

specimens from excised plantar soft tissue and subjected them to

compression testing using universal material testing machines to

observe the compressive material properties of plantar soft tissues.

Subsequently, some in vivo quasi-static testing methods were

introduced, including ultrasound indentation, air-jet indentation

based on optical coherence tomography (OCT), dynamic spherical

indentation systems, and tissue ultrasound palpation systems.

These methods yielded more reliable and repeatable results but

were unable to replicate the dynamic loading-unloading process

experienced by plantar soft tissues throughout a complete gait cycle.

In recent years, some scholars have attempted to dynamically

observe the strain of plantar soft tissues during the gait cycle using

X-ray imaging techniques. Concurrently, they recorded stress

information using plantar pressure plates and solved for the

material properties through fitting calculations. This method

enabled dynamic assessment of plantar soft tissues during a gait

cycle, providing results that are more representative of the true

properties of the plantar fat pad. However, current research has

predominantly focused on testing the vertical compressive

properties of plantar soft tissues, while exploring the horizontal
FIGURE 2

Kelvin-Voigt viscoelastic material model of the soft tissue beneath
the heel, which undergoes corresponding deformation when
subjected to mechanical loading. This model consists of two
elements (a linear elastic element and a nonlinear viscous element)
connected in parallel.
FIGURE 3

Development and pros and cons of measurement methods for soft tissue biomechanical properties of the plantar foot.
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shear properties of these tissues still poses significant technical

challenges. As a result, relevant evidence in this regard is difficult to

obtain. This may be due to past neglect of shear forces and the

technical difficulties associated with measuring shear force and

shear strain.
3.1 Ex vivo specimen testing for
biomechanical properties

Due to the limitations of early testing tools, researchers initially

explored the material properties of plantar soft tissues using ex vivo

specimens and uniaxial compression tests on universal material

testing machines to measure stress relaxation and compression

properties of plantar soft tissues (36–39). Alexander et al. (38)

conducted initial dynamic compression testing on ex vivo

specimens of foot fat pads (metatarsal pad and heel pad) from

various mammals. Bennett et al. (23) performed uniaxial

compression loading-unloading tests on the heel region

(calcaneus + HP) of 11 cadaveric feet, observing nonlinear

stiffness in all samples, with stiffness increasing as the load

increased. The average stiffness measured when the load was

equivalent to body weight was 1160 ± 170 kN/m, with an average

compression deformation of 2.07 ± 0.29 mm. The mean energy

dissipation rate (EDR) was 28.6 ± 6.9% before decalcification and

32.3 ± 5.4% after decalcification of the calcaneus. In Miller-Young

et al.’s study (39), the authors prepared 8 mm diameter standard

specimens of the HP from 20 cadaveric feet and subjected them to a

series of unconstrained loading tests (quasi-static, 175 mm/s, 350

mm/s, and stress relaxation tests) using a material testing machine

to observe the viscoelastic properties of HP and obtain constitutive

equations for modeling plantar soft tissues. The results showed

nonlinear viscoelastic behavior of the HP, and the experiments

yielded a series of parameters suitable for finite element simulation.

Ledoux et al. (36) obtained specimens of the soft tissues in six

regions of the plantar surface (under the big toe, under the second

metatarsal head, under the third metatarsal head, under the fifth

metatarsal head, lateral arch, and heel region) from 11 cadaveric

foot specimens. Compressive and stress relaxation experiments

were conducted using a material testing machine on standardized

2x2 cm test specimens, and the maximum stress, elastic modulus,

and EDR of the soft tissues were compared among different regions

and under different strain rates. Significant differences were found

in the maximum stress, elastic modulus, and EDR among the six

plantar regions, with the heel region exhibiting the highest

maximum stress and elastic modulus and the lowest EDR.

Additionally, as the strain rate increased, the maximum stress,

elastic modulus, and EDR of the plantar soft tissues also

significantly increased. Pai et al. (37) used the same method to

measure the force-dependent mechanical properties of the plantar

soft tissues in four diabetic and age-matched non-diabetic cadaveric

foot specimens. The results showed that the diabetic foot specimens

exhibited higher elastic moduli than the non-diabetic foot

specimens in various plantar regions and at different strain rates

(average 1146.7 vs. 593.0 kPa). The material properties of the

specimens demonstrated clear strain rate dependency. While ex
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vivo specimens provide convenient testing of the mechanical

properties of plantar soft tissues, evidence suggests significant

differences between the material properties of the heel pad

measured through ex vivo mechanical tests compared to in vivo

experiments, with increased stiffness and decreased EDR observed

in ex vivo tests (23, 40–42). This difference is believed to be due to

the effects of other structures of the lower limb during in vivo

measurements (42). Therefore, ex vivo measurements cannot fully

reflect the biomechanical properties of plantar soft tissues in

physiological conditions, and ex vivo methods cannot provide

real-time in vivo measurements of patients.

Furthermore, a limited number of studies have tested the shear

mechanical properties of plantar soft tissues using ex vivo

specimens (43–45). Ledoux et al. (43), Pai et al. (44), and Brady

et al. (45) prepared ex vivo specimens of plantar soft tissues from

cadaveric feet and used a material testing machine to measure the

shear mechanical properties of different regions of the plantar

surface. The obtained shear elastic modulus was significantly

smaller than the compressive elastic modulus in the vertical

direction, measuring only around 50 kPa.
3.2 In vivo testing for
biomechanical properties

While the use of ex vivo specimens for testing the material

properties of plantar soft tissues offers a straightforward and data-

processing-friendly approach, it is limited to experiments

conducted on cadaveric samples and cannot be performed in

living subjects. As a result, direct data cannot be obtained for

assessing the status of plantar soft tissues in diabetic patients and

evaluating the risk of DFUs. Furthermore, ex vivo specimens lack

the presence of other parts of the lower limb (“ankle-calf-knee”) and

the internal structures of the remaining foot, leading to complete

unconstrained conditions around the plantar soft tissues after

detachment. These factors contribute to a significant disparity

between the biomechanical properties measured in ex vivo testing

and those observed in in vivo testing. This issue is commonly

referred to as the “heel pad paradox” (42, 46, 47), and was initially

proposed by Aerts et al. in 1995 (42). The authors conducted

pendulum impact tests on live subjects and compression loading

tests using universal material testing machines on ex vivo

specimens, revealing a substantial discrepancy in stiffness (in vivo:

150 kN/m vs. ex vivo: 900 kN/m) and EDR. Additionally, Pain et al.

(46) created a two-dimensional model of the lower leg and heel pad

using DADS software and compared the heel pad properties with

and without the involvement of the lower limb through pendulum

impact tests, further confirming the existence of the “heel pad

paradox” and the impact of lower limb soft tissues on heel pad

property testing results.

To address this issue, in vivo testing of the biomechanical

properties has become increasingly prevalent, with various

researchers designing numerous testing methods. Most of these

methods involve maintaining the subject’s foot in a quasi-static state

during testing and applying different forms of loading to assess the

mechanical properties of plantar soft tissues. Some researchers have
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also developed dynamic testing methods that involve assessing

plantar soft tissues during gait cycles under X-ray fluoroscopy,

allowing for the complete reproduction of the mechanical loading

process experienced by the subject’s plantar soft tissues during

normal walking.

In summary, attempts at in vivo testing of the biomechanical

properties of plantar soft tissues have gained popularity, and

researchers have devised various testing methods. Most of these

methods involve quasi-static testing with the subject’s foot in a

stationary state, applying different loading units to test the

mechanical properties of plantar soft tissues. A smaller number of

researchers have designed dynamic testing methods that evaluate

plantar soft tissues under X-ray fluoroscopy during gait cycles,

allowing for the replication of the mechanical loading experienced

by the subject’s plantar soft tissues during normal walking.

3.2.1 In vivo quasi-static measurements for
mechanical properties
3.2.1.1 Pendulum impact test

The pendulum impact test involves using a rod-shaped

pendulum with a known mass and an accelerometer. The

pendulum is suspended by a cord and swung to impact the

desired area of the plantar soft tissues. The accelerometer records

the acceleration data during the entire swinging process, and

combined with the mass of the pendulum, it allows for the

calculation of continuous displacement and force information

during the impact process, which can be used to estimate the

material properties of the plantar soft tissues (42, 46–48).

Throughout the testing process, the subject’s foot remains fixed

on the testing platform in a stationary position. Weijers et al. (47)

conducted a study with 11 subjects to investigate the damping

characteristics of the plantar tissues in the heel region during heel

strike while controlling the venous congestion of the lower limb

using a blood pressure cuff. They used the pendulum test at

swinging speeds of 0.2, 0.4, and 0.6 m/s to assess the mechanical

properties of the plantar soft tissues and found that the venous

congestion affected the damping effect of the plantar soft tissues to

some extent. As previously mentioned, Aerts et al. (42) and Pain

et al. (46) also employed in vivo pendulum impact tests to compare

the results with those obtained from ex vivo specimen testing in

order to verify the “heel pad paradox”. In another study, Aerts et al.

(48) performed pendulum impact tests on the heel regions of nine

subjects and compared the mechanical characteristics between soft-

soled shoes and hard-soled shoes based on the deformation and

load data calculated from the pendulum mass and the negative

acceleration recorded by the accelerometer. This measurement

method provides a better simulation of the impact between the

heel region and the ground during motion and offers advantages

such as easy experimental setup, inexpensive equipment, and

straightforward data processing.

3.2.1.2 Dynamic spherical indentation system

In vivo spherical indentation tests primarily rely on stress

relaxation tests to measure the viscoelastic properties of the live

heel pad (HP) (19, 49, 50). Negishi et al. (19) conducted stress
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relaxation tests on the soft tissues of the heel region in three healthy

subjects using a self-designed spherical indentation system to

investigate the influence of different strain rates on the stress

relaxation curves. They found significant differences in the stress

relaxation curves of the plantar soft tissues under different strain

rates, indicating a notable effect of strain rate on the viscoelastic

properties of the plantar soft tissues. Suzuki et al. (49) determined the

viscoelastic and hyperelastic material properties of the plantar soft

tissues through spherical indentation tests and an analytical contact

model. They obtained the stress relaxation curve of the HP through

the indentation experiment and fitted the curve into the contact

model of the Maxwell model to calculate the viscosity material

parameter. In another study by Suzuki et al. (50), the authors

derived an analytical contact model for spherical indentation tests

to directly estimate the material properties of the plantar soft tissues.

Through indentation experiments, they obtained the force-

displacement curve of the HP. By fitting the experimental data to

the stress-strain analytical solution of the spherical indentation, they

successfully calculated the nonlinear material properties of the HP

using the spherical indentation method.

3.2.1.3 Ultrasound/MR elastography

Ultrasound elastography is another widely used approach for

assessing the mechanical properties of plantar soft tissues (51–60).

Based on the different elastic moduli of human soft tissues, their

deformation under external compression varies. Ultrasound

elastography converts the real-time changes in echo signal

displacement before and after compression into color images.

Tissues with lower elastic moduli appear red, indicating higher

strains after compression, while tissues with higher elastic moduli

appear blue, indicating lower strains. Tissues with intermediate

elastic moduli appear green on the image. Naemi et al. (52)

employed ultrasound shear wave elastography to test the elastic

moduli of the soft tissues below the first metatarsal head, third

metatarsal head, and heel region in 51 subjects with diabetes or

prediabetes. They found a significant correlation between fasting

blood glucose levels and plantar tissue stiffness. Lin et al. (54)

utilized ultrasound elastography to examine the elastic modulus of

the HP in 20 healthy subjects and 16 patients with unilateral heel

pain. The results showed significantly higher elastic moduli in the

affected compartmental layers (superficial, intermediate, and full

layer) of the HP in patients with heel pain compared to the healthy

side. Additionally, the elastic moduli of the compartments

(superficial, intermediate, and full layer) were significantly

elevated in heel pain patients compared to healthy subjects.

Magnetic resonance elastography (MRE) is an emerging

imaging technique that can estimate the inherent elastic

properties of tissues (61, 62). Information obtained from MRE

can be displayed as tissue stiffness maps and provide valuable

information for manual palpation. It is commonly used as a

clinical tool for diagnosing breast diseases (61, 62). Weaver et al.

(61) conducted in vivo testing of the shear modulus of the HP using

MRE and found that the shear modulus of the soft tissues beneath

the heel gradually increased from 8 kPa to 12 kPa as pressure was

applied, while the soft tissues surrounding the heel remained
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around 8 kPa. The obtained shear modulus results were similar to

those measured using the same method for breast adipose tissue.

Cheung et al. (62) performed elastic modulus testing of the plantar

soft tissues in 12 non-diabetic subjects and 4 subjects with diabetic

neuropathy using MRE. The elastic modulus values for the two

groups were 4.85 kPa and 5.26 kPa, respectively. MRE can detect

early mechanical property changes in diabetic feet and provide a

non-invasive means to monitor the progression of diabetic foot

disease. Using MRE technology to monitor patients can lead to

earlier detection of foot disorders, prompting proactive measures by

clinicians to prevent callus formation, skin breakdown, ulcers, and

eventual amputation. MRE maps can also help orthopedic surgeons

and engineers identify areas with the most significant changes in

plantar tissue mechanical properties and design personalized

cushioning footwear/insoles to control ulcer development.
3.2.1.4 Ultrasound/MR indentation technique

Ultrasound/MR indentation technique combines an

ultrasound/MR probe with an indentation/compression device.

The ultrasound/MR probe records the deformation and strain of

the plantar soft tissues, while the loading unit on the indentation

device, equipped with digital mechanical sensors, captures real-time

mechanical information. By integrating these two components, the

mechanical properties of the plantar soft tissues can be calculated.

In recent years, numerous researchers have designed this type of

measurement device and successfully applied it to test plantar soft

tissues (63–73).

Chatzistergos et al. (63) designed a measurement device

consisting of an ultrasound probe, a force sensor, and a manually

operated ball screw loading unit to investigate the correlation

between the mechanical performance of the HP in type-2 diabetes

patients and clinical characteristics. They tested 35 type-2 diabetes

volunteers and found a significant positive correlation between

triglyceride levels and HP stiffness (r = 0.675, p<0.001), as well as

a significant negative correlation between fasting blood glucose and

energy absorption of the HP (r = -0.598, p = 0.002). Hsu et al. (71)

developed an ultrasound transducer based on a 7.5MHz linear array

and a combination of loading devices weighing 0.5→3.0→0.5kg.

They conducted structural and mechanical property tests on the HP

of 20 young subjects and 13 elderly subjects. The results showed that

the initial thickness (2.01 ± 0.24 cm vs. 1.76 ± 0.20cm), peak strain

(61.3 ± 5.5% vs. 53.3 ± 7.7%), and EDR (35.3 ± 10.0% vs. 23.7 ±

6.9%) of the HP were significantly higher in the elderly group

compared to the young group. Stiffness was higher in the elderly

group, although the difference was not statistically significant (p =

0.098). In another study by Hsu et al. (72), they used a linear array

ultrasound transducer with a frequency range of 5–12MHz and a

self-designed device capable of different loading and unloading

speeds (fast loading: 10 cm/s; medium loading: 2.0 cm/s; slow

loading: 2.5 cm/s) to compare the material properties beneath the

metatarsal heads of the left foot between 10 middle-aged and elderly

subjects (age range: 42–72) and 9 young subjects (age range: 19–35).

They found that as the loading speed increased, the elastic modulus

of the young subjects gradually increased from 300 kPa to around

500 kPa, while the middle-aged and elderly group did not show a
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significant trend, remaining around 500 kPa to 550 kPa. The EDR

increased from 30% to approximately 60% in the young group and

from 40% to around 70% in the middle-aged group. Overall, in

most metatarsal heads, the elastic modulus of the middle-aged

group was significantly higher than that of the young group. Trebbi

et al. (73) established a measuring method using MR imaging and a

mechanical loading plate to assess the internal compression and

shear strain of soft tissues (HP, sacral soft tissues, etc.), providing

guidance for risk assessment of DFUs or pressure ulcers.

3.2.1.5 Other quasi-static indentation techniques

In the study by Chao et al. (74), the authors designed a jet-

indentation system based on OCT and a tissue ultrasound palpation

system. These two systems were used to test and compare the

mechanical properties of the plantar soft tissue in the forefoot of 30

young and elderly individuals. The results revealed a strong positive

correlation (r = 0.88, p<0.001) between the data obtained from the

two methods. The stiffness of the first metatarsal bone was

significantly higher in the elderly group compared to the young

participants, while the soft tissue thickness of the first/second

metatarsal bone was significantly lower in the elderly group.

Kwan et al. (75) also employed a tissue ultrasound palpation

system to test the soft tissue thickness and stiffness of the toes,

first/third/fifth metatarsal bones, and heel region in 60 participants

aged between 41 and 83 years. The results showed a significant

increase in the soft tissue stiffness (p<0.001) in all five tested

locations with increasing age. There was no significant correlation

between age and plantar soft tissue thickness.

3.2.2 In vivo dynamic measurement of
mechanical properties

Although the methods mentioned above can achieve in vivo

measurement of plantar soft tissue, the subjects are all in a quasi-

static state, with their lower limbs fixed on the measuring device,

unable to complete the gait cycle and reproduce the loading-

unloading process of the plantar soft tissue during daily activity.

In order to overcome this limitation, De Clercq et al. (18), Gefen

et al. (76), and Wearing et al. (77) combined imaging techniques

such as X-rays and plantar pressure testing plates to measure the in

vivo biomechanical properties of the plantar soft tissue in dynamic

gait. This method can monitor the strain and stress changes of the

plantar soft tissue in real-time during the gait cycle and calculate the

material properties of the tissue at different time phases. However,

the studies by De Clercq et al. (18), Gefen et al. (76), and Wearing

et al. (77) only used two-dimensional perspective photos to measure

the vertical strain of the plantar soft tissue, and the accuracy of the

measurement may be influenced by factors such as the shooting

angle. To avoid this issue, Teng et al. (78) and Yang et al. (79) used

double-plane X-ray perspective technology to continuously shoot

perspective films of the plantar soft tissue from two intersecting

vertical angles, and then reconstructed a three-dimensional

structure of the heel in order to observe the deformation of the

plantar soft tissue during the gait cycle in a three-dimensional

manner. The real-time strain data was calculated, and the authors

combined this with real-time stress data collected from the plantar
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pressure plate to fit the stress-strain data and solve for the material

properties of the plantar soft tissue. This improvement in

measurement equipment further improves the accuracy of the

test. However, using these methods may inevitably increase

additional radiation exposure risks for the subjects and

experimenters, which is an important factor that researches need

to consider.
3.3 Comparison between the
described methods

When comparing the various methods for measuring the

biomechanical properties of plantar soft tissue in diabetic

patients, it is essential to consider their specific advantages and

limitations in different scenarios. Each technique offers unique

insights, but the choice depends on the research question,

available resources, and the level of detail required.

3.3.1 Ex vivo vs. in vivo testing
Ex vivomethods, such as uniaxial compression tests on universal

material testing machines, are more straightforward and data-driven.

However, they lack the physiological context and dynamic loading

experienced in vivo. In contrast, in vivo techniques like pendulum

impact tests and ultrasound elastography provide real-time data, but

they may be more complex and require specialized equipment. For

instance, if the focus is on understanding the impact of diabetes on

tissue properties under natural loading conditions, in vivo methods

would be more appropriate.

3.3.2 Quasi-static vs. dynamic loading
Quasi-static methods like indentation testing and ultrasound

elastography yield static stress-strain curves, which are useful for

understanding the material properties at a specific point in time.

Dynamic testing, such as X-ray fluoroscopy during gait, captures

the full loading-unloading cycle, providing a more comprehensive

understanding of the tissue’s behavior during functional activities. If

the goal is to assess the risk of DFU development under realistic

loading conditions, dynamic testing would be preferred.

3.3.3 Factors influencing the choice of methods
The choice of method depends on the research objective, the

need for real-time data, and the level of detail required. A

combination of techniques may be necessary to obtain a

comprehensive understanding of the biomechanical properties of

plantar soft tissue in diabetic patients.

Additionally, socioeconomic factors, such as income levels and

educational background, can influence the type of technology

available to researchers and clinicians. In regions with higher

levels of poverty or lower educational attainment, it may be more

challenging to obtain access to advanced imaging technologies like

MRI or CT, which can be expensive and require specialized training

to operate. This may limit the choice of measurement methods to

more traditional and affordable options, such as manual palpation

or basic imaging techniques.
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Access to technology can also vary between different

institutions, such as academic research centers, community

hospitals, and private clinics. Academic centers and larger

hospitals may have more resources to invest in new technologies

and equipment, while smaller or rural institutions may have limited

access to these resources. This can create disparities in the quality of

care and research opportunities available to patients and researchers

in different regions.

Health policy and research funding play a crucial role in shaping

the direction of scientific research and the implementation of new

technologies in clinical practice. Changes in these areas can have a

significant impact on the adoption of advanced methods for

measuring the biomechanical properties of the foot, particularly in

the field of diabetes-related foot complications. For instance,

government policies that prioritize the prevention and management

of chronic diseases like diabetes may lead to increased funding for

research in this area. This could create opportunities for the

development and validation of new technologies for measuring

plantar soft tissue biomechanics, which could ultimately lead to

improved diagnosis and treatment of diabetic foot complications.

On the other hand, budget cuts or changes in research funding

priorities could limit the availability of resources for new technology

development and implementation. This could make it difficult for

researchers to obtain the necessary equipment and expertise to

conduct cutting-edge research in this area. Moreover, policies that

promote interdisciplinary collaboration and knowledge translation

between academia and industry could facilitate the development and

commercialization of new technologies for measuring plantar soft

tissue biomechanics. This could lead to faster adoption of these

technologies in clinical practice and improved patient care.
4 Summary and future directions

Accurate and convenient testing of the biomechanical

properties of the plantar soft tissue has an important role in the

prevention and risk grading of DFU. With the increasing

understanding of the morphology and biomechanical properties

of plantar soft tissue in the academic community, as well as the

continuous updates of detection equipment and analysis tools, there

are various methods for evaluating the material properties of

plantar soft tissue. Overall, the development of these techniques

has transitioned from in vitro research to in vivo research and

from quasi-static states to dynamic loading states. However, current

research almost entirely focuses on testing the vertical compression

properties of plantar soft tissue, and there are still significant

technical difficulties in exploring the material properties of

plantar soft tissue in the horizontal shear direction. Therefore,

there are very few related studies reported in literature.

Secondly, at present, all the testing methods on biomechanical

properties of the plantar heel pad are carried out as macroscopic

biomechanical measurements of the whole structure. However, the

plantar heel pad is not a completely homogeneous structure, but a

specialized honeycomb structure composed of fiber elastic intervals

and adipocytes, which may display differences in biomechanical
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properties when subjected to compression or shear stress.

Currently, no study has explored the microstructures of the

internal fiber intervals and adipocytes and how they affect the

biomechanical properties of the heel pad when subjected to

compression or shear stress. In addition, there are significant

differences in the biomechanical properties between the plantar

superficial layer and deep intermuscular compartment layer. The

analysis of the differences in tissue structural deformation between

diabetic and normal plantar soft tissues when subjected to the same

level of compression or shear force has significant implications for

studying the biomechanical mechanisms of DFU formation and

improving DFU prevention measures. Stereology is a newly

emerging interdisciplinary field that was first proposed by

German biologists and mathematicians in 1961. Its core content

is the quantitative study of three-dimensional structures. In recent

years, with the development of modern quantitative stereology

technology, its application scope has been continuously expanded,

and it has now been widely used in the biomedical field. Biomedical

stereology refers to the quantitative measurement of two-

dimensional data obtained by measuring the geometrical

information of organs, tissues, or cells using three basic geometric

elements (measurable geometric information includes area,

perimeter, length, width, diameter, point density, angle, etc.) and

the inference of three-dimensional structural quantitative

information. In recent years, some scholars have attempted to

combine biomechanics with biomedical stereology and explored

new methods for analyzing micro and submicroscopic

biomechanical properties of soft tissues (80, 81). Eskandari et al.

(80) observed the microstructural morphological changes of bovine

brain white matter at different strain states under tensile and

compressive mechanical loads and quantitatively analyzed the

deformation of the microstructure in the tissue. Chen et al. (81)

used a similar method to analyze the geometric parameters related

to liver tissue injury by applying compression, tensile, and shear

forces to pig liver tissue. However, there are no scholars who have

applied stereological techniques to study the micro and

submicroscopic biomechanics of the plantar soft tissue.

Furthermore, atomic force microscope (AFM) is a more precise

instrument for scanning and detecting the ultra-microscopic

biomechanical properties of the sample surface, with a resolution

of up to nanometer level. Therefore, future research needs to

combine tissue morphological/stereological research methods with

AFM and other tools to deeply explore the micro and

submicroscopic biomechanical properties of the plantar soft tissue

in vitro and compare the differences between diabetic and normal

plantar soft tissues, revealing the deep impact of changes in the

micro-mechanical properties on the occurrence and development

of DFU.

In recent years, the integration of emerging technologies has

significantly advanced the field of plantar soft tissue biomechanics

research. These advancements have not only improved the accuracy

and precision of measurements but also opened up new avenues for

non-invasive and real-time monitoring. Wearable devices, such as

smart shoes and insoles , equipped with sensors and

microelectronics, can track plantar pressure distribution, gait

patterns, and even detect subtle changes in tissue properties
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during daily activities. These devices can provide continuous,

real-time data, enabling researchers to study the biomechanics of

plantar soft tissue under more natural conditions. Artificial

intelligence (AI) and machine learning can analyze large datasets

generated by these technologies, identifying patterns and

correlations that may not be apparent to the human eye. This can

lead to more accurate predictions of tissue health and risk

stratification for DFU. In future research, it is essential to

continue exploring the potential of these emerging technologies to

improve the accuracy, sensitivity, and non-invasiveness of plantar

soft tissue biomechanical measurements. This includes developing

novel data processing methods, integrating multiple sensing

modalities, and validating these techniques in larger and more

diverse patient populations. By doing so, researchers can better

understand the complex interplay between diabetes and plantar soft

tissue mechanics, ultimately leading to more effective prevention

and management strategies for diabetic foot complications.
Author contributions

XY: Project administration, Writing – original draft, Writing –

review & editing. ZP: Writing – original draft, Supervision. XL:

Writing – review & editing, Validation. XL: Writing – review &

editing. SL: Project administration, Writing – review & editing.
Funding

The authors declare financial support was received for the

research, authorship, and/or publication of this article. The study

was supported by research grants from Social Development Project

of Science and Technology Department of Yunnan Province

(202403AC100003), Yunnan Spinal Cord Disease Clinical Medical

Center (ZX2022000101), Project of Yunnan Key Laboratory of

Digital Orthopedics (202005AG070004), and Yunnan Orthopedics

and Sports Rehabilitation Clinical Medical Research Center

(202102AA310068). The funders had no role in the design and

execution of the study or writing of the manuscript.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fendo.2024.1332032
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Yang et al. 10.3389/fendo.2024.1332032
References
1. Boyle JP, Thompson TJ, Gregg EW, Barker LE, Williamson DF. Projection of the
year 2050 burden of diabetes in the US adult population: dynamic modeling of
incidence, mortality, and prediabetes prevalence. Population Health metrics. (2010)
8:29. doi: 10.1186/1478-7954-8-29

2. International Diabetes Federation. IDF Diabetes Atlas. 9th ed. Brussels, Belgium:
International Diabetes Federation (2019). Available at: http://www.diabetesatlas.org/.

3. Alexiadou K, Doupis J. Management of diabetic foot ulcers. Diabetes Ther. (2012)
3:4. doi: 10.1007/s13300-012-0004-9

4. Chiwanga FS, Njelekela MA. Diabetic foot: prevalence, knowledge, and foot self-
care practices among diabetic patients in Dares Salaam, Tanzaniaea cross-sectional
study. J Foot Ankle Res. (2015) 8:20. doi: 10.1186/s13047-015-0080-y

5. Wu SC, Driver VR, Wrobel JS, Armstrong DG. Foot ulcers in the diabetic patient,
prevention and treatment. Vasc Health Risk Manage. (2007) 3:65–76.

6. Armstrong DG, Boulton AJM, Bus SA. Diabetic foot ulcers and their recurrence.
N Engl J Med. (2017) 376:2367–75. doi: 10.1056/NEJMra1615439

7. Stockl K, Vanderplas A, Tafesse E, Chang E. Costs of lower-extremity ulcers
among patients with diabetes. Diabetes Care. (2004) 27:2129–34. doi: 10.2337/
diacare.27.9.2129

8. American Diabetes Association. Economic costs of diabetes in the U.S. @ in 2007.
Diabetes Care. (2008) 31:596–615. doi: 10.2337/dc08-9017

9. Bandyk DF. The diabetic foot: Pathophysiology, evaluation, and treatment. Semin
Vasc Surg. (2018) 31:43–8. doi: 10.1053/j.semvascsurg.2019.02.001

10. Boulton AJM, Kirsner RS, Vileikyte L. Neuropathic diabetic foot ulcers. N Engl J
Med. (2004) 351:48–55. doi: 10.1056/NEJMcp032966

11. Buschmann WR, Jahss MH, Kummer F, Desai P, Gee RO, Ricci JL. Histology
and histomorphometric analysis of the normal and atrophic heel fat pad. Foot Ankle
Int. (1995) 16:254–8. doi: 10.1177/107110079501600502

12. Jahss MH, Michelson JD, Desai P, Kaye R, Kummer F, Buschman W, et al.
Investigations into the fat pads of the sole of the foot: anatomy and histology. Foot
Ankle. (1992) 13:233–42. doi: 10.1177/107110079201300502

13. Jones FW, Peltier LF. Structure and function as seen in the foot. Clin Orthop
Relat Res. (2001) 391:3–6. doi: 10.1097/00003086-200110000-00002

14. Boyko EJ, Ahroni JH, Stensel V, Forsberg RC, Davignon DR, Smith DG. A
prospective study of risk factors for diabetic foot ulcer. The Seattle Diabetic Foot Study.
Diabetes Care. (1999) 22:1036–42. doi: 10.2337/diacare.22.7.1036

15. Ahmed N, Thornalley PJ. Advanced glycation endproducts: what is their
relevance to diabetic complications? Diabetes Obes Metab. (2007) 9:233–45.
doi: 10.1111/j.1463-1326.2006.00595.x

16. Boucek P. Advanced diabetic neuropathy: A point of no return? Rev Diabetes
Stud. (2006) 3:143–50. doi: 10.1900/RDS.2006.3.143

17. Cavanagh PR, Simoneau GG, Ulbrecht JS. Ulceration, unsteadiness, and
uncertainty: the biomechanical consequences of diabetes mellitus. J Biomech. (1993)
26 Suppl 1:23–40. doi: 10.1016/0021-9290(93)90077-R

18. De Clercq D, Aerts P, Kunnen M. The mechanical characteristics of the human
heel pad during foot strike in running: an in vivo cineradiographic study. J Biomech.
(1994) 27:1213–22. doi: 10.1016/0021-9290(94)90275-5

19. Negishi T, Ito K, Kamono A, Lee T, Ogihara N. Strain-rate dependence of
viscous properties of the plantar soft tissue identified by a spherical indentation test. J
Mech Behav BioMed Mater. (2020) 102:103470. doi: 10.1016/j.jmbbm.2019.103470

20. Bus SA, Akkerman EM, Maas M. Changes in sub-calcaneal fat pad composition
and their association with dynamic plantar foot pressure in people with diabetic
neuropathy. Clin Biomech (Bristol Avon). (2021) 88:105441. doi: 10.1016/
j.clinbiomech.2021.105441

21. Chanda A, McClain S. Mechanical modeling of healthy and diseased calcaneal
fat pad surrogates. Biomimetics (Basel). (2019) 4:1. doi: 10.3390/biomimetics4010001

22. Sarrafian SK. Functional anatomy of the foot and ankle. In: Sarrafian SK, editor.
Anatomy of the foot and ankle, descriptive, topographic, functional, 2nd ed. Lippincott,
Philadelphia (PA (1993). p. 474–602.

23. Bennet MB, Ker RF. The mechanical properties of the human subcalcaneal fat
pad in compression. J Anat. (1990) 171:131–8.

24. Sternberg M, Cohen-Forterre L, Peyroux J. Connective tissue in diabetes
mellitus: biochemical alterations of the intercellular matrix with special reference to
proteoglycans, collagens and basement membranes. Diabete metabolisme. (1985)
11:27–50.

25. Wang YN, Lee K, Ledoux WR. Histomorphological evaluation of diabetic and
non-diabetic plantar soft tissue. Foot Ankle Int. (2011) 32:802–10. doi: 10.3113/
FAI.2011.0802

26. Wang YN, Lee K, Shofer JB, Ledoux WR. Histomorphological and biochemical
properties of plantar soft tissue in diabetes. Foot (Edinb). (2017) 33:1–6. doi: 10.1016/
j.foot.2017.06.001

27. Waldecker U, Lehr HA. Is there histomorphological evidence of plantar
metatarsal fat pad atrophy in patients with diabetes? J Foot Ankle Surg. (2009)
48:648–52. doi: 10.1053/j.jfas.2009.07.008
Frontiers in Endocrinology 10
28. Goodfield MJ, Millard LG. The skin in diabetes mellitus. Diabetologia. (1988)
31:567–75. doi: 10.1007/BF00264762

29. Hanna W, Friesen D, Bombardier C, Gladman D, Hanna A. Pathologic features
of diabetic thick skin. J Am Acad Dermatol. (1987) 16:546–53. doi: 10.1016/S0190-9622
(87)70072-3

30. Bermudez DM, Herdrich BJ, Xu J, Lind R, Beason DP, Mitchell ME, et al.
Impaired biomechanical properties of diabetic skin implications in pathogenesis of
diabetic wound complications. Am J Pathol. (2011) 178:2215–23. doi: 10.1016/
j.ajpath.2011.01.015

31. Kuhns JG. Changes in elastic adipose tissue. J Bone Joint Surg Am. (1949)
31:542–7. doi: 10.2106/00004623-194931030-00010

32. Jørgensen U. Achillodynia and loss of heel pad shock absorbency. Am J Sports
Med. (1985) 13:128–32. doi: 10.1177/036354658501300209

33. Hsu TC, Lee YS, Shau YW. Biomechanics of the heel pad for type 2 diabetic
patients. Clin Biomech (Bristol Avon). (2002) 17:291–6. doi: 10.1016/S0268-0033(02)
00018-9

34. Naemi R, Chatzistergos P, Suresh S, Sundar L, Chockalingam N,
Ramachandran A. Can plantar soft tissue mechanics enhance prognosis of diabetic
foot ulcer? Diabetes Res Clin Pract. (2017) 126:182–91. doi: 10.1016/j.diabres.2017.
02.002

35. Morrison T, Jones S, Causby RS, Thoirs K. Can ultrasound measures of intrinsic
foot muscles and plantar soft tissues predict future diabetes-related foot disease? A
systematic review. PloS One. (2018) 13:e0199055. doi: 10.1371/journal.pone.0199055

36. Ledoux WR, Blevins JJ. The compressive material properties of the plantar soft
tissue. J Biomech. (2007) 40:2975–81. doi: 10.1016/j.jbiomech.2007.02.009

37. Pai S, Ledoux WR. The compressive mechanical properties of diabetic and non-
diabetic plantar soft tissue. J Biomech. (2010) 43:1754–60. doi: 10.1016/
j.jbiomech.2010.02.021

38. Lexander R, Bennett MB, Ker RF. Mechanical properties and function of the paw
pads of some mammals. J Zool. (1986) A209:405–19. doi: 10.1111/j.1469-7998.
1986.tb03601.x

39. Miller-Young JE, Duncan NA, Baroud G. Material properties of the human
calcaneal fat pad in compression: experiment and theory. J Biomech. (2002) 35:1523–
31. doi: 10.1016/S0021-9290(02)00090-8

40. Kinoshita H, Francis PR, Murase T, Kawai S, Ogawa T. The mechanical
properties of the heel pad in elderly adults. Eur J Appl Physiol Occup Physiol. (1996)
73:404–9. doi: 10.1007/BF00334416

41. Natali AN, Fontanella CG, Carniel EL, Young M. Biomechanical behaviour of
heel pad tissue: experimental testing, constitutive formulation, and numerical
modelling. Proc Inst Mech Eng H. (2011) 225:449–59. doi: 10.1177/09544119JEIM851

42. Aerts P, Ker RF, De Clercq D, Ilsley DW, Alexander RM. The mechanical
properties of the human heel pad: a paradox resolved. J Biomech. (1995) 28:1299–308.
doi: 10.1016/0021-9290(95)00009-7

43. Pai S, Ledoux WR. The shear mechanical properties of diabetic and non-diabetic
plantar soft tissue. J Biomech. (2012) 45:364–70. doi: 10.1016/j.jbiomech.2011.10.021

44. Ledoux WR, Pai S. The shear mechanical properties of diabetic and non-diabetic
plantar soft tissue. ORS 2012 Annual Meeting. (2012) Poster No. 1900.

45. Brady L, Pai S, Iaquinto JM, Wang YN, Ledoux WR. The compressive, shear,
biochemical, and histological characteristics of diabetic and non-diabetic plantar skin
are minimally different. J Biomech. (2021) 129:110797. doi: 10.1016/j.jbiomech.2021.
110797

46. Pain MT, Challis JH. The role of the heel pad and shank soft tissue during
impacts: a further resolution of a paradox. J Biomech. (2001) 34:327–33. doi: 10.1016/
S0021-9290(00)00199-8

47. Weijers RE, Kessels AG, Kemerink GJ. The damping properties of the venous
plexus of the heel region of the foot during simulated heelstrike. J Biomech. (2005)
38:2423–30. doi: 10.1016/j.jbiomech.2004.10.006

48. Aerts P, De Clercq D. Deformation characteristics of the heel region of the shod
foot during a simulated heel strike: the effect of varying midsole hardness. J Sports Sci.
(1993) 11:449–61. doi: 10.1080/02640419308730011

49. Suzuki R, Ito K, Lee T, Ogihara N. In-vivo viscous properties of the heel pad by
stress-relaxation experiment based on a spherical indentation. Med Eng Phys. (2017)
50:83–8. doi: 10.1016/j.medengphy.2017.10.010

50. Suzuki R, Ito K, Lee T, Ogihara N. Parameter identification of hyperelastic
material properties of the heel pad based on an analytical contact mechanics model of a
spherical indentation. J Mech Behav BioMed Mater. (2017) 65:753–60. doi: 10.1016/
j.jmbbm.2016.09.027

51. Mo F, Li J, Yang Z, Zhou S, Behr M. In vivo measurement of plantar tissue
characteristics and its indication for foot modeling. Ann BioMed Eng. (2019) 47:2356–
71. doi: 10.1007/s10439-019-02314-0

52. Naemi R, Romero Gutierrez SE, Allan D, Flores G, Ormaechea J, Gutierrez E,
et al. Diabetes status is associated with plantar soft tissue stiffness measured using
ultrasound reverberant shear wave elastography approach. J Diabetes Sci Technol.
(2020) 16:478–90. doi: 10.1177/1932296820965259
frontiersin.org

https://doi.org/10.1186/1478-7954-8-29
http://www.diabetesatlas.org/
https://doi.org/10.1007/s13300-012-0004-9
https://doi.org/10.1186/s13047-015-0080-y
https://doi.org/10.1056/NEJMra1615439
https://doi.org/10.2337/diacare.27.9.2129
https://doi.org/10.2337/diacare.27.9.2129
https://doi.org/10.2337/dc08-9017
https://doi.org/10.1053/j.semvascsurg.2019.02.001
https://doi.org/10.1056/NEJMcp032966
https://doi.org/10.1177/107110079501600502
https://doi.org/10.1177/107110079201300502
https://doi.org/10.1097/00003086-200110000-00002
https://doi.org/10.2337/diacare.22.7.1036
https://doi.org/10.1111/j.1463-1326.2006.00595.x
https://doi.org/10.1900/RDS.2006.3.143
https://doi.org/10.1016/0021-9290(93)90077-R
https://doi.org/10.1016/0021-9290(94)90275-5
https://doi.org/10.1016/j.jmbbm.2019.103470
https://doi.org/10.1016/j.clinbiomech.2021.105441
https://doi.org/10.1016/j.clinbiomech.2021.105441
https://doi.org/10.3390/biomimetics4010001
https://doi.org/10.3113/FAI.2011.0802
https://doi.org/10.3113/FAI.2011.0802
https://doi.org/10.1016/j.foot.2017.06.001
https://doi.org/10.1016/j.foot.2017.06.001
https://doi.org/10.1053/j.jfas.2009.07.008
https://doi.org/10.1007/BF00264762
https://doi.org/10.1016/S0190-9622(87)70072-3
https://doi.org/10.1016/S0190-9622(87)70072-3
https://doi.org/10.1016/j.ajpath.2011.01.015
https://doi.org/10.1016/j.ajpath.2011.01.015
https://doi.org/10.2106/00004623-194931030-00010
https://doi.org/10.1177/036354658501300209
https://doi.org/10.1016/S0268-0033(02)00018-9
https://doi.org/10.1016/S0268-0033(02)00018-9
https://doi.org/10.1016/j.diabres.2017.02.002
https://doi.org/10.1016/j.diabres.2017.02.002
https://doi.org/10.1371/journal.pone.0199055
https://doi.org/10.1016/j.jbiomech.2007.02.009
https://doi.org/10.1016/j.jbiomech.2010.02.021
https://doi.org/10.1016/j.jbiomech.2010.02.021
https://doi.org/10.1111/j.1469-7998.1986.tb03601.x
https://doi.org/10.1111/j.1469-7998.1986.tb03601.x
https://doi.org/10.1016/S0021-9290(02)00090-8
https://doi.org/10.1007/BF00334416
https://doi.org/10.1177/09544119JEIM851
https://doi.org/10.1016/0021-9290(95)00009-7
https://doi.org/10.1016/j.jbiomech.2011.10.021
https://doi.org/10.1016/j.jbiomech.2021.110797
https://doi.org/10.1016/j.jbiomech.2021.110797
https://doi.org/10.1016/S0021-9290(00)00199-8
https://doi.org/10.1016/S0021-9290(00)00199-8
https://doi.org/10.1016/j.jbiomech.2004.10.006
https://doi.org/10.1080/02640419308730011
https://doi.org/10.1016/j.medengphy.2017.10.010
https://doi.org/10.1016/j.jmbbm.2016.09.027
https://doi.org/10.1016/j.jmbbm.2016.09.027
https://doi.org/10.1007/s10439-019-02314-0
https://doi.org/10.1177/1932296820965259
https://doi.org/10.3389/fendo.2024.1332032
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Yang et al. 10.3389/fendo.2024.1332032
53. Lin CY, Chen PY, Shau YW, Tai HC, Wang CL. Spatial-dependent mechanical
properties of the heel pad by shear wave elastography. J Biomech. (2017) 53:191–5.
doi: 10.1016/j.jbiomech.2017.01.004

54. Lin CY, Lin CC, Chou YC, Chen PY, Wang CL. Heel pad stiffness in plantar heel
pain by shear wave elastography. Ultrasound Med Biol. (2015) 41:2890–8. doi: 10.1016/
j.ultrasmedbio.2015.07.004

55. Romero SE, Naemi R, Flores G, Allan D, Ormachea J, Gutierrez E, et al. Plantar
soft tissue characterization using reverberant shear wave elastography: A proof-of-
concept study. Ultrasound Med Biol. (2022) 48:35–46. doi: 10.1016/j.ultrasmedbio.
2021.09.011

56. Chatzistergos PE, Behforootan S, Allan D, Naemi R, Chockalingam N. Shear
wave elastography can assess the in-vivo nonlinear mechanical behavior of heel-pad.
J Biomech. (2018) 80:144–50. doi: 10.1016/j.jbiomech.2018.09.003

57. Wu CH, Lin CY, Hsiao MY, Cheng YH, ChenWS, Wang TG. Altered stiffness of
microchamber and macrochamber layers in the aged heel pad: Shear wave ultrasound
elastography evaluation. J Formos Med Assoc. (2018) 117:434–9. doi: 10.1016/
j.jfma.2017.05.006
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