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1. Clinical Significance of Diabetic Foot Ulceration

Diabetic foot ulcers (DFU) are one of the most common complications to diabetes mellitus.
Globally, the annual incidence of diabetic foot ulcers is 9.1 — 26.1 million, with 15-25%
of people with diabetes developing a foot ulcer within their lifetime.[!] The most common
complication of foot ulceration is infection/and or amputation, with over 50% of ulcers
becoming infectious. [1:21 Once the ulcer has formed, approximately 20% of moderate to
severe ulcer cases require amputation.[?] In assessing the mortality rates for foot ulceration
and diabetes-related foot amputations, after 5 years the mortality rate of DFU is about
30% and increases to about 50 to 70% after amputation. [23] A compounding issue for

the clinician is the reoccurrence of DFU once they’ve healed. Within 1 year post healing,
patients have a 40% risk of DFU reoccurrence. This risk increases to 60% within 3 years
and 65% within 5 years. [4] The factors that increase the risk of ulcer reoccurrence include
but are not limited to: a hemoglobin A1C value above 7.5, presence of osteomyelitis, and a
geriatric depression scale score greater than or equal to 10 (Figure 1).[2]

As evidenced by the statistics above, DFU is a significant issue in health care settings as
well as to patient wellbeing and clinical outcomes. The etiology of DFU is multifaceted
(Figure 1) and stems from prolonged periods of poor glycemic control (Figure 2).[5.6.7.8.]

It has been well documented that poor glycemic control results in the disruption and
dysregulation of the motor, sensory, and autonomic nervous systems resulting in peripheral
neuropathy as well as cardiovascular disruptions. [2:10-11] peripheral Arterial and/or Vascular
Disease (PAD and PVD) are compounding risk factors that aid in the development of DFUs.
Approximately 10-20% of people with diabetes will develop peripheral arterial disease.

[12]1 PAD causes damage to blood vessels including, atherosclerotic blockages, increased
thickness of capillary basement membranes, and arteriolar wall hardening.[23] This vessel
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damage restricts the blood flow through vessels, which decreases overall circulation through
body tissues.

Peripheral neuropathy has been demonstrated to disrupt normal gait, causing unsteadiness,
gait abnormalities, and pressure distribution changes. [10.14-18] |n addition to gait
disturbances, peripheral neuropathy also impacts the skin integrity. These disruptions
include increased skin dryness, which increases the likelihood of skin breakage, decreased
skin integrity as a whole, and decreased muscle-tone which alters the surface area of the foot
and disrupts normal load distributions.[13]

There has been a well-established relationship between high pressure distributions under
the foot (greater than 6 kg/cm? or 588.4 kPa) and the development of diabetic foot ulcers.
[19.20] perjods of high pressure or prolonged applied pressure damage the tissues on and
under the applied pressure as they do not allow blood vessels to replenish the nutrients

to maintain healthy tissue. Additionally, the decreased circulation from neuropathy and
diabetes will further restrict the body’s ability to replenish required nutrients. This creates
further damage through tissue ischemia and results in pressure ulcers that will not heal.[2]
In fact, peripheral ischemia in branching blood vessels leads to ulceration at a case rate of
35%.[131

However, areas of high pressure are not always indicative of pressure ulcer development in
the feet. In fact, only 30% of ulcer locations correlate with peak pressure areas under the
foot. [22] Shear is another biomechanical parameter that has assisted in identifying the cause
of DFU in areas of the foot. Shear significantly decreases the required applied pressure to
cause tissue ischemia.[?1] In physics, there is rarely a case where there is an applied pressure
force and not some sort of applied shear force (Figure 3).

Current clinical guidelines for DFU treatment include wound debridement, dressings, off-
loading and glycemic control.[23] However, these treatments are successful when the foot is
offloaded sufficiently, and the ulcer diagnosed early. When utilizing pressure measurements
to assist in the assessment of the correct offloading footwear, the offloading capacity

of the footwear is increased and the risk for re-ulceration decreases by 46-65%. [24]

Bus et al. demonstrated that when footwear treatment for DFU is designed according to
pressure measurements (in this case decreasing the peak pressure experienced in the foot
by 20%), patients saw a decrease in the rate of ulcer reoccurrence when compared to
treatments not specifically designed through pressure measurement.[2%] The caveat here is
that patients must adhere to the prescribed wear time of the footwear. Similarly, Ulbrecht et
al. demonstrated that treatment orthoses developed based on foot shape and barefoot plantar
pressure, decrease the reoccurrence rate of diabetic foot ulcers.[26]

2. Shear versus pressure.

Pressure and shear measurements undoubtedly play an important role in the prevention

of diabetic foot ulcers (Figure 3). From a simplistic standpoint, pressure patterns under

the foot are considerably easier to measure and interpret. Both patients and clinicians can
appreciate the concept of high plantar pressure. Interpretations of shear, or frictional forces
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are considerably more challenging. For example, it may be common to think that pressure
and shear are simply related by the coefficient of friction, yet, for patients stepping on a
pressure platform, pressure and shear are almost never related to each other [271, In fact,
shear can often be zero at the point where pressure is highest (Figure 3). Visualizing
pressure may be straightforward (Figure 4A). However, trying to determine what leads

to a particular shear pattern (Figure 4B) requires combining influences of foot twisting,
sliding and frictional differences across multiple sensors. Finally, shear can occur in multiple
planes, including the sagittal and frontal planes. The current focus is on plantar pressure
and shear. It is possible that downward movement of metatarsal heads relative to tissue
interspersed between these structures could lead to vertical shearing that in turn could
attenuate blood supply to vulnerable tissues (Figure 5).

While the emphasis has generally been on the magnitudes and locations of peak stresses, the
ratio of pressures and shear magnitudes is also altered in patients with diabetic neuropathy.
This may be indicative of future ulcer development. [28. 291 |n considering shear on the
plantar surface of the foot, Davis [39 referred to the “wrinkled carpet effect”. While
simplistic, the concept illustrates the challenge of combining shear and pressure data.
Pressure values can be considered alone — as evidenced by hundreds of publications on
pressure thresholds, locations, and integrals over the gait cycle. All that is needed are
pressure values at each location under the foot. These data lead to the common graphic
(Figure 2A) depicting “hills and valleys” of pressure information. When shear data are
included, the situation becomes more complicated, much like the scenario that leads to a
wrinkled carpet! In this case, it is not only pressure that needs to be considered, but also
shear, at locations other than where pressure is being monitored. A carpet becomes wrinkled
when there is a combination of high pressure (due to the leg of a table) and some horizontal
force at a different location that causes a portion of the carpet to slide. Naturally, there are
multiple places where horizontal forces can be high, which means that for 100 pressure
measurements, with each one being paired with shear measurements in anterior, posterior,
medial and lateral directions, 400 shear/pressure ratios may need to be analyzed. If one then
adds the possibility that a foot is twisting about a vertical axis during stance, then the options
for determining risk of skin damage increase even further. To the authors’ knowledge, there
have not been any studies examining these combinatorial loading scenarios and ulcer risk.

3. History of the plantar pressure and shear measurements as related to

ulcers

Given the weak correlation between peak pressure and ulcer location [10:31] it is believed
that some form of shear (possibly coupled with pressure), is likely to contribute to ulceration
[32-34] Pprior to 2000, few researchers investigated skin shearing due to the difficulty in
constructing devices capable of measuring frictional forces [35-371, Most devices were
uni-directional, leading to underestimates of true shearing stresses [38-421_ In the early
1990’s, Lord and colleagues [43] developed a bi-directional sensor that could be placed in an
inlay to permit in-shoe measurement. One limitation of this form of discrete sensor is that
prior knowledge is required about the areas of interest in order to determine its placement
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(e.g., under a metatarsal head). As a result, areas experiencing high stresses may remain
undetected if they do not coincide with the areas of interest determined a priori.

Additionally, in the 1990’s, Huo and Nicol [44] reported on the development of a 3-D force
distribution measurement system using strain gauge technology. The device consisted of
an array of 336 sensors. Although no pressure or shear data were described, the authors
reported that the device was suitable for investigating foot loading conditions during the
takeoff phase of the high jump.

Over 20 years ago, leaders in diabetic foot research [43] commented “the measurement of
shear stress continues to be an elusive goal”. Not much has changed since that time! For the
past 30 years, numerous companies have entered the market with new technologies related
to pressure (most commonly) or shear (rarely). In general, the devices on the market are

for assessing overground pressure profiles or, less commonly, in-shoe stresses. There are
currently no companies selling in-shoe products for assessing frictional forces. Part of the
reason for this relates to physics — a sensor that is placed between a shoe and a subject’s
sock measures shear that may not accurately reflect the actual shear that skin experiences.
In this regard, the presence of a sock can result in measurements that are underestimated

by between 86% and 92% [461. In other words, skin may experience shearing of 100 kPa,
but the sensor may only detect 10kPa! Coefficients of friction between sensor and sock,

or between sock and skin, together with sock stretchiness, all affect the accuracy of these
measurements. The ability for future in-shoe shear sensor technologies to address the effect
of sock material is still an open question.

While sock materials may have some effect on pressure readings, the influence is likely
minimal. For this reason, most commercial efforts to develop stress sensors have focused

on pressure as opposed to shear. Novel GmbH, Munich, Germany, with U.S. offices in St.
Paul, MN, is generally recognized as the technical and market leader in plantar pressure
measurement systems. Comparisons between Novel’s technology and other commercial
systems (Table 1) highlight the reasons for their popularity in foot ulceration studies. They
offer both platform (Emed) and in-shoe (Pedar) devices that come in a variety of models that
are based on a well-established capacitive sensor system. This approach results in a system
that exhibits excellent linearity and hysteresis characteristics. The Pedar system provides
highly conforming elastic insole pads that cover the entire plantar surface or sensor pads for
the dorsal, medial, or lateral areas of the foot. Insole pads are available in various shoe sizes
that can provide up to 1024 sensors, which can be scanned at a rate of 20,000 sensors per
second.

4. Charcot Arthropathy and Foot Ulceration

As evidenced by the above information, diabetic foot ulcers are one of the most common
complications of diabetes mellitus. Another complication of diabetes that is important for
physicians is the development of Charcot arthropathy. While Charcot arthropathy of the
foot is not as prevalent as DFU, approximately 35% of people with diabetes and peripheral
neuropathy develop Charcot.[4”] The disease outcomes for DFU and Charcot are as equally
devastating to the patient.
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Charcot Arthropathy of the foot is a devastating degenerative disorder that derives from the
dysregulation of the cardiovascular, musculoskeletal, and neurological system. Charcot is
characterized as a progressive degradation of the midfoot joint (Figure 6). If left untreated,
the disease can progress to ulceration (DFU), midfoot arch collapse, infection, amputation,
or death. Current clinical evaluation for Charcot consists of temperature measurements on
each foot, x-ray imaging, and clinical observations (swelling, redness, etc.).[24] Some have
suggested utilizing CT scans to track bone mineral density (BMD) and potentially identify
those at risk for developing Charcot from peripheral neuropathy. These studies were able
to diagnose those who already developed Charcot and predicted Charcot development at
149.[48]

The exact etiology of Charcot development is not completely understood. Multiple theories
exist; however, none have been concretely determined as the sole rationale for Charcot
development.[4%] The one clinical consensus that exists is the presence of inflammation
before the radiological presentation and concrete development.

In addition to similar disease development between DFU and Charcot, (the dysregulation of
multiple body systems and a previous peripheral neuropathy diagnosis), DFU and Charcot
are also inherently related. For example, a person with diabetes and peripheral who have had
a previous diagnosis of foot ulcers developed Charcot at a rate of 18%.[50]

Recent advances in Charcot and DFU research have pointed to a similar methodology for
potential monitoring and diagnosis, the use of pressure and shear measurements underneath
the midfoot. Multiple studies have illustrated the potentiality of the usefulness of utilizing
pressure and shear in clinical evaluation for both DFU and Charcot development. [28.29.51-53]

5. Future Research in Foot Ulceration Monitoring

The future of DFU research is focused on prevention, early detection, and accurate
intervention. This is currently achieved through the use of wearable sensors, Al/machine
learning, and smart technology. For example, some researchers are developing algorithms
that can be applied to images of the feet. These algorithms can identify areas of the foot
at risk for ulcer development; allowing the physician to focus clinical monitoring of that
area.[>¥ Additionally, the use of photographs and computer algorithms can allow for at
home monitoring which could decrease the amount of lead time between DFU symptom
onset and clinical intervention; thus, increasing patient outcomes.

Since there is a consensus among researchers that inflammation is a precursor to DFU,
researchers are determining ways to measure temperature under the foot as an indicator
of inflammation changes. Armstrong et a/. has introduced a novel way to measure plantar
temperature through a hand-held infrared temperature probe.[5®] Others such as, Frykberg
et al., have approached plantar temperature monitoring through in-home smart mats,
(Podimetrics Mat), that can measure plantar temperatures and send the results through a
cloud-based system to clinicians for review.[56] Doremalen er a/. illustrated the viability
of using smart-phone based infrared cameras to monitor plantar temperature for DFU
detection.[>7]
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Wearable sensors are also on the horizon for DFU research. Siren Care are smart textiles
made into socks that measure plantar temperature as a person walks and performs activities
of daily living.[58] Wearable sensors can also be utilized to track pressure and shear stresses
that are known to be a component in DFU development. Raviglione et a/. suggested the

use of smart socks (pressure sensor around a band) and a phone app to measure plantar
pressure at home.>9] Due to the poor mismatch between areas of high plantar pressure and
ulcer development, some researchers have suggested using shear as a metric to monitor

for ulceration risk.[8%] The ability to accurately measure shear forces under the foot using
measuring techniques such as insole insoles is still in its infancy stages.

Finally, another facet of the future of DFU research is to increase patient compliance and
wear time of interventions used to mitigate DFU development. Systems such as “@monitor”
and Orthotimer are sensors integrated in prescription footwear that can measure the amount
of wear time a patient has with their footwear while at home.[61.62] Some researchers

have even utilized smart watches to provide alerts for adherence or instructions on better
offloading to minimize plantar pressure peaks. In-shoe sensors measure for adherence or
pressure and connect to a smartphone app which then will send the data to the smart watch
which then sends out the alert. [63.64]

Summary

Diabetic foot ulcers are a complex, multifaceted, and widespread complication of diabetes
mellitus. While there are a multitude of risk factors contributing to diabetic foot ulcer
development, pressure and (more recently) shear stresses are two biomechanical metrics

that are gaining popularity for monitoring risk factors predisposing skin breakdown. Other
areas of diabetic foot ulcers under research include plantar temperature measuring as well as
monitoring wear-time compliance and machine learning/Al algorithms. Charcot arthropathy
is another diabetes complication that has a relationship with diabetic foot ulcer development,
which should be monitored for development alongside DFU development. The ability to
monitor and prevent diabetic foot ulcer development and Charcot neuroarthropathy will lead
to increased patient outcomes and patient quality of life.

Acknowledgements

This work is supported by the T-32 NIH Training Grant: 5 -T32 - HL150389 — 03

References

[1]. Grennan D. Diabetic foot ulcers. JAMA. 2019;321(1):114. doi:10.1001/jama.2018.18323
[PubMed: 30620372]

[2]. Armstrong DG, Boulton AJM, Bus SA. Diabetic foot ulcers and their recurrence. New
England Journal of Medicine. 2017;376(24):2367-2375. doi:10.1056/nejmral615439 [PubMed:
28614678]

[3]. Armstrong DG, Swerdlow MA, Armstrong AA, Conte MS, Padula WV, Bus SA. Five
year mortality and direct costs of care for people with diabetic foot complications are
comparable to cancer. J Foot Ankle Res. 2020;13(1):16. Published 2020 Mar 24. doi:10.1186/
$13047-020-00383-2 [PubMed: 32209136]

Foot Ankle Clin. Author manuscript; available in PMC 2023 April 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martin and Davis

Page 7

[4]. Huang ZH, Li SQ, Kou Y, Huang L, Yu T, Hu A. Risk factors for the recurrence of diabetic foot
ulcers among diabetic patients: a meta-analysis [published correction appears in Int Wound J.
2020 Apr;17(2):523]. Int Wound J. 2019;16(6):1373-1382. doi:10.1111/iw;j.13200

[5]- Dubsky M, Jirkovska A, Bem R, et al. Risk factors for recurrence of diabetic foot ulcers:
prospective follow-up analysis in the Eurodiale subgroup. Int Wound J. 2013;10(5):555-561.
d0i:10.1111/j.1742-481X.2012.01022.x [PubMed: 22712631]

[6]. Reiber GE, Smith DG, Wallace C, et al. Effect of therapeutic footwear on foot reulceration
in patients with diabetes: a randomized controlled trial. JAMA. 2002;287(19):2552—2558.
doi:10.1001/jama.287.19.2552 [PubMed: 12020336]

[7]. Monami M, Longo R, Desideri CM, Masotti G, Marchionni N, Mannucci E. The diabetic person
beyond a foot ulcer: healing, recurrence, and depressive symptoms. J Am Podiatr Med Assoc.
2008;98(2):130-136. doi:10.7547/0980130 [PubMed: 18347122]

[8]. Waaijman R, de Haart M, Arts ML, et al. Risk factors for plantar foot ulcer recurrence in
neuropathic diabetic patients. Diabetes Care. 2014;37(6):1697-1705. doi:10.2337/dc13-2470
[PubMed: 24705610]

[9]. Peters EJ, Armstrong DG, Lavery LA. Risk factors for recurrent diabetic foot ulcers: site matters.
Diabetes Care. 2007;30(8):2077-2079. doi:10.2337/dc07-0445 [PubMed: 17507693]

[10]. Murray HJ, Young MJ, Hollis S, Boulton AJ. The association between callus formation,
high pressures and neuropathy in diabetic foot ulceration. Diabet Med. 1996;13(11):979-

982. doi:10.1002/(SIC1)1096-9136(199611)13:11<979::AID-DIA267>3.0.CO;2-A [PubMed:
8946157]

[11]. Cavanagh PR, Simoneau GG, Ulbrecht JS. Ulceration, unsteadiness, and uncertainty: The
biomechanical consequences of diabetes mellitus. Journal of Biomechanics. 1993;26:23-40.
doi:10.1016/0021-9290(93)90077-r [PubMed: 8505350]

[12]. Ang L, Jaiswal M, Martin C, Pop-Busui R. Glucose control and diabetic neuropathy: lessons
from recent large clinical trials. Curr Diab Rep. 2014;14(9):528. doi:10.1007/s11892-014-0528-7
[PubMed: 25139473]

[13]. Boyko EJ, Monteiro-Soares M, Wheeler SGB. Peripheral Arterial Disease, Foot Ulcers, Lower
Extremity Amputations, and Diabetes. In: Cowie CC, Casagrande SS, Menke A, et al., eds.
Diabetes in America. 3rd ed. Bethesda (MD): National Institute of Diabetes and Digestive and
Kidney Diseases (US); August 2018.

[14]. Noor S, Zubair M, Ahmad J. Diabetic foot ulcer—a review on pathophysiology, classification
and microbial etiology. Diabetes & Metabolic Syndrome: Clinical Research & Reviews.
2015;9(3):192-199. doi:10.1016/j.dsx.2015.04.007

[15]. Mosa Gehan & Elgohari Amira & Elnassag Bassam& Midan Mahmoud& Attia Mohammed&
Gehan M Ahmed. (2016). Center of Pressure Excursion and Stability in Diabetic Polyneuropathy.
117-123.

[16]. Toledo RC, Formiga CK, & Ayres FM (2020). Association between diabetes and vestibular
dysfunction: An integrative review. Revista CEFAC, 22(1). doi:10.1590/1982-0216/20202214719

[17]. Kobayashi M, & Zochodne DW (2018). Diabetic neuropathy and the sensory neuron: New
aspects of pathogenesis and their treatment implications. Journal of Diabetes Investigation, 9(6),
1239-1254. doi:10.1111/jdi.12833 [PubMed: 29533535]

[18]. Henderson AD, Johnson AW, Ridge ST, Egbert JS, Curtis KP, Berry LJ, & Bruening DA (2019).
Diabetic Gait Is Not Just Slow Gait: Gait Compensations in Diabetic Neuropathy. Journal of
Diabetes Research, 2019, 1-9. doi:10.1155/2019/4512501

[19]. Abri H, Aalaa M, Sanjari M, Amini MR, Mohajeri-Tehrani MR, Larijani B. Plantar pressure
distribution in diverse stages of diabetic neuropathy. J Diabetes Metab Disord. 2019;18(1):33-39.
Published 2019 May 11. doi:10.1007/s40200-019-00387-1 [PubMed: 31275872]

[20]. Stess RM, Jensen SR, Mirmiran R. The role of dynamic plantar pressures in diabetic foot ulcers.
Diabetes Care. 1997;20(5):855-858. doi:10.2337/diacare.20.5.855 [PubMed: 9135955]

[21]. Frykberg RG, Lavery LA, Pham H, Harvey C, Harkless L, Veves A. Role of neuropathy and high
foot pressures in diabetic foot ulceration. Diabetes Care. 1998;21(10):1714-1719. doi:10.2337/
diacare.21.10.1714 [PubMed: 9773736]

Foot Ankle Clin. Author manuscript; available in PMC 2023 April 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martin and Davis

[22].

[23].

[24].

[25].

[26].

[27].

[28].

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].
[37].

[38].

[39].
[40].

[41].

Page 8

Schubert V, Héraud J. The effects of pressure and shear on skin microcirculation in elderly
stroke patients lying in supine or semi-recumbent positions. Age Ageing. 1994;23(5):405-410.
doi:10.1093/ageing/23.5.405 [PubMed: 7825488]

Everett E, Mathioudakis N. Update on management of diabetic foot ulcers. Ann N'Y Acad Sci.
2018;1411(1):153-165. doi:10.1111/nyas.13569 [PubMed: 29377202]

Bus SA. Innovations in plantar pressure and foot temperature measurements in

diabetes. Diabetes/Metabolism Research and Reviews. 2016;32:221-226. doi:10.1002/dmrr.2760
[PubMed: 26467347]

Bus SA, Waaijman R, Arts M, et al. Effect of custom-made footwear on foot ulcer recurrence

in diabetes: a multicenter randomized controlled trial. Diabetes Care. 2013;36(12):4109-4116.
d0i:10.2337/dc13-0996 [PubMed: 24130357]

Ulbrecht JS, Hurley T, Mauger DT, Cavanagh PR. Prevention of recurrent foot ulcers with plantar
pressure-based in-shoe orthoses: the CareFUL prevention multicenter randomized controlled
trial. Diabetes Care. 2014;37(7):1982-1989. doi:10.2337/dc13-2956 [PubMed: 24760263]
Yavuz M, Ocak H, Hetherington VJ, Davis BL. Prediction of plantar shear stress

distribution by artificial intelligence methods. J Biomech Eng. 2009 Sep;131(9):091007. doi:
10.1115/1.3130453. PMID: 19725696. [PubMed: 19725696]

Caselli A, Pham H, Giurini JM, Armstrong DG, Veves A. The forefoot-to-rearfoot plantar
pressure ratio is increased in severe diabetic neuropathy and can predict foot ulceration. Diabetes
Care. 2002;25(6):1066-1071. doi:10.2337/diacare.25.6.1066 [PubMed: 12032116]

Davis B, Crow M, Berki V, Ciltea D. Shear and pressure under the first ray in neuropathic
diabetic patients: Implications for support of the longitudinal arch. J Biomech. 2017;52:176-178.
doi:10.1016/j.jbiomech.2016.12.024 [PubMed: 28093260]

Davis BL. Foot ulceration: hypotheses concerning shear and vertical forces acting on adjacent
regions of skin. Med Hypotheses. 1993 Jan;40(1):44—7. doi: 10.1016/0306-9877(93)90195-v.
PMID: 8455466.

Yavuz M, Master H, Garrett A, Lavery LA, Adams LS. Peak Plantar Shear and Pressure

and Foot Ulcer Locations: A Call to Revisit Ulceration Pathomechanics. Diabetes Care. 2015
Nov;38(11):e184-5. doi: 10.2337/dc15-1596. Epub 2015 Sep 14. PMID: 26370381; PMCID:
PMC4613917. [PubMed: 26370381]

Bauman JH, Girling JP, & Brand PW (1963). Plantar pressures and trophic ulceration: An
evaluation of footwear. Journal of Bone and Joint Surgery, 45B, 652-673.

Brand PW (1988). Repetitive stress in the development of diabetic foot ulcers. In Levin ME & O’
Neal LW (Eds.), The diabetic foot (4th ed., pp. 83-90). St. Louis, MO: Mosby.

Delbridge L, Ctercteko G, Fowler C, Reeve TS, & LeQuesne LP (1985). The aetiology of
diabetic neuropathic ulceration of the foot. British Journal of Surgery, 72, 1-6. [PubMed:
3881153]

Cavanagh PR, & Ulbrecht JS (1991). Biomechanics of the diabetic foot: A quantitative approach
to the assessment of neuropathy, deformity and plantar pressure. In Jahss MH (Ed.), Disorders of
the foot and ankle (2nd ed., pp. 1864-1907). Philadelphia: Saunders.

Masson EA, & Boulton AJM (1991). Pressure assessment methods in the foot. In Frykberg RG
(Ed.), The high risk foot in diabetes mellitus (pp. 139-149). New York: Churchill Livingstone.
Thompson DE (1983). Pathomechanics of soft tissue damage. In Levin ME & O’Ncal LW (Eds.),
The diabetic foot (3rd ed., pp. 148-16 1). St. Louis, MO: Mosby.

Laing P, Deogan H, Cogley D, Crerand S, Hammond P, & Klenerman L. (1992). The
development of the low profile Liverpool shear transducer. Clinical Physics and Physiological
Measurement, 13, 115-124. [PubMed: 1499253]

Pollard JP, & LeQuesne LP (1983). Method of healing diabetic forefoot ulcers. British Medical
Journal, 286, 436-437. [PubMed: 6401552]

Pollard JP, LeQuesne LP, & Tappin JW (1983). Forces under the foot. Journal of Biomedical
Engineering, 5, 37-40. [PubMed: 6827818]

Tappin JW, Pollard J, & Beckett EA (1980). Method of measuring ‘shearing’ forces on the sole of
the foot. Clinical Physics and Physiological Measurement, 1, 83-85.

Foot Ankle Clin. Author manuscript; available in PMC 2023 April 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Martin and Davis

[42].
[43].

[44].

[45].

[46].

[47].

[48].

[49].

[50].

[51].

[52].

[53].

[54].

[55].

[56].

[57].

[58].

[59].

Page 9

Tappin JW, & Robertson KP (1991). Study of the relative timi ng of shear forces on the sole of
the forefoot during walking. Journal of Biomedical Engineering, 13, 39-42. [PubMed: 2002671]

Lord M, Hosein R, & Williams RB (1992). Method for in-shoe shear stress measurement. Journal
of Biomedical Engineering, 14, 181-186. [PubMed: 1588775]

Huo M, & Nicol K. (1995). 3-D force distribution measuring system. In Hakkinen K, Keskinen
KL, Komi PV, & Mero A. (Eds.), XVth Congress of the International Society of Biomechanics:
Book of Abstracts (pp. 410-411). Jyvaskylti, Finland.

Cavanagh PR, Ulbrecht JS, Caputo GM. New developments in the biomechanics of

the diabetic foot. Diabetes Metab Res Rev. 2000 Sep-Oct;16 Suppl 1:S6-S10. doi:
10.1002/1520-7560(200009/10)16:1+<::aid-dmrr130>3.0.co;2-z. PMID: 11054880.

Tiell SM, Rezvanifar SC, Davis BL. The effect of frictional coefficients and sock material on
plantar surface shear stress measurement. J Biomech. 2021 Oct 11;127:110682. doi: 10.1016/
j.jbiomech.2021.110682. Epub 2021 Aug 8. PMID: 34403854. [PubMed: 34403854]

Rosskopf AB, Loupatatzis C, Pfirrmann CWA, Boni T, Berli MC. The Charcot foot: a pictorial
review. Insights Imaging. 2019;10(1):77. Published 2019 Aug 5. doi:10.1186/s13244-019-0768-9
[PubMed: 31385060]

Commean PK, Smith KE, Hildebolt CF, Bohnert KL, Sinacore DR, Prior FW. A

Candidate Imaging Marker for Early Detection of Charcot Neuroarthropathy. J Clin Densitom.
2018;21(4):485-492. doi:10.1016/j.jocd.2017.05.008 [PubMed: 28668579]

Botek G, Figas S, Narra S. Charcot Neuroarthropathy Advances: Understanding Pathogenesis and
Medical and Surgical Management. Clin Podiatr Med Surg. 2019;36(4):663-684. doi:10.1016/
j.cpm.2019.07.002 [PubMed: 31466574]

Fauzi AA, Chung TY, Latif LA. Risk factors of diabetic foot Charcot arthropathy: a case-control
study at a Malaysian tertiary care centre. Singapore Med J. 2016;57(4):198-203. doi:10.11622/
smed;j.2016074 [PubMed: 27075668]

Lépez-Moral M, Molines-Barroso RJ, Garcia-Morales E, Garcfa-Alvarez Y, Alvaro-Afonso

FJ, Lazaro-Martinez JL. Predictive values of foot plantar pressure assessment in patients

with midfoot deformity secondary to Charcot neuroarthropathy. Diabetes Res Clin Pract.
2021;175:108795. [PubMed: 33872633]

Lazzarini PA, Crews RT, van Netten JJ, et al. Measuring Plantar Tissue Stress in People With
Diabetic Peripheral Neuropathy: A Critical Concept in Diabetic Foot Management. J Diabetes
Sci Technol. 2019;13(5):869-880. doi:10.1177/1932296819849092 [PubMed: 31030546]

Perry JE, Hall JO, Davis BL. Simultaneous measurement of plantar pressure and shear forces

in diabetic individuals. Gait Posture. 2002;15(1):101-107. doi:10.1016/s0966-6362(01)00176-x
[PubMed: 11809586]

Najafi B, Reeves ND, Armstrong DG. Leveraging smart technologies to improve the management
of diabetic foot ulcers and extend ulcer-free days in remission. Diabetes Metab Res Rev. 2020;36
Suppl 1:3239. d0i:10.1002/dmrr.3239

Armstrong DG, Lavery LA, Liswood PJ, Todd WF, Tredwell JA. Infrared dermal thermometry
for the high-risk diabetic foot. Phys Ther. 1997;77(2):169-177. doi:10.1093/ptj/77.2.169
[PubMed: 9037217]

Frykberg RG, Gordon IL, Reyzelman AM, et al. Feasibility and Efficacy of a Smart Mat
Technology to Predict Development of Diabetic Plantar Ulcers. Diabetes Care. 2017;40(7):973—
980. doi:10.2337/dc16-2294 [PubMed: 28465454]

van Doremalen RFM, van Netten JJ, van Baal JG, Vollenbroek-Hutten MMR, van der Heijden F.
Validation of low-cost smartphone-based thermal camera for diabetic foot assessment. Diabetes
Res Clin Pract. 2019;149:132-139. doi:10.1016/j.diabres.2019.01.032 [PubMed: 30738090]
Reyzelman AM, Koelewyn K, Murphy M, et al. Continuous Temperature-Monitoring

Socks for Home Use in Patients With Diabetes: Observational Study. J Med Internet Res.
2018;20(12):12460. Published 2018 Dec 17. doi:10.2196/12460 [PubMed: 30559091]
Raviglione A, Reif R, Macagno M, Vigano D, Schram J, Armstrong D. Real-Time Smart
Textile-Based System to Monitor Pressure Offloading of Diabetic Foot Ulcers. J Diabetes Sci
Technol. 2017;11(5):894-898. doi:10.1177/1932296817695339 [PubMed: 28627224]

Foot Ankle Clin. Author manuscript; available in PMC 2023 April 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Martin and Davis

[60].

[61].

[62].

[63].

[64].

Page 10

Yavuz M. American Society of Biomechanics Clinical Biomechanics Award 2012: plantar shear
stress distributions in diabetic patients with and without neuropathy. Clin Biomech (Bristol,
Avon). 2014;29(2):223-229. doi:10.1016/j.clinbiomech.2013.11.003 [PubMed: 24332719]

Bus SA, Waaijman R, Nollet F. New monitoring technology to objectively assess adherence to
prescribed footwear and assistive devices during ambulatory activity. Arch Phys Med Rehabil.
2012;93(11):2075-2079. doi:10.1016/j.apmr.2012.06.019 [PubMed: 22771483]

Lutjeboer T, van Netten JJ, Postema K, Hijmans JM. Validity and feasibility of a temperature
sensor for measuring use and non-use of orthopaedic footwear. J Rehabil Med. 2018;50(10):920-
926. doi:10.2340/16501977-2494 [PubMed: 30299524]

Najafi B, Ron E, Enriquez A, Marin |, Razjouyan J, Armstrong DG. Smarter Sole Survival: Will
Neuropathic Patients at High Risk for Ulceration Use a Smart Insole-Based Foot Protection
System?. J Diabetes Sci Technol. 2017;11(4):702-713. doi:10.1177/1932296816689105
[PubMed: 28627227]

Abbott CA, Chatwin KE, Foden P, et al. Innovative intelligent insole system reduces diabetic foot
ulcer recurrence at plantar sites: A prospective, randomised, proof-of-concept study. The Lancet
Digital Health. 2019;1(6). doi:10.1016/s2589-7500(19)30128-1

Foot Ankle Clin. Author manuscript; available in PMC 2023 April 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Martin and Davis

Page 11

Key Points

Diabetic foot ulcers are one of the most common complications of diabetes
mellitus, with 15-25% of these individuals developing a foot ulcer within
their lifetime.

In the presence of neuropathy, there is convincing evidence linking high
pressures to the development of diabetic foot ulcers. However, the location of
skin breakdown does not correlate well with sites of elevated pressure.

Given the weak correlation between peak pressure and ulcer location, it is
believed that some form of shear (possibly coupled with pressure), is likely to
contribute to ulceration.

Measurement of shear or frictional forces is not routine clinical practice,
due to technical issues, the infancy of research in this area, and challenges
associated with physical interfaces that are affected by moisture, weave
patterns and sock stiffness.
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Synopsis

Diabetic foot ulcers are a complex, multifaceted, and widespread complication of
diabetes mellitus. While there are a multitude of risk factors contributing to diabetic foot
ulcer development, pressure and (more recently) shear stresses are two biomechanical
metrics that are gaining popularity for monitoring risk factors predisposing skin
breakdown. Other areas of diabetic foot ulcers under research include plantar temperature
measuring, as well as monitoring wear-time compliance and machine learning/Al
algorithms. Charcot arthropathy is another diabetes complication that has a relationship
with diabetic foot ulcer development, which should be monitored for development
alongside ulcer development. The ability to monitor and prevent diabetic foot ulcer
development and Charcot neuroarthropathy will lead to increased patient outcomes and
patient quality of life.
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DFU Risk Factors Independently Associated with Ulcer Recurence

Previous Ulcer History

Vibration Perception Threshold > 25V

Baseline Callus

Presence of a preulcerative lesion

Presence of peripheral artery disease

Presence of ulcer on the plantar foot

Presence of previous ulcer at plantar hallux

Presence of osteomyelitis

Geriatric Depression Scale Score > 10

Baseline Pressure Ulcer > 1MPa

C-reative protein > 15 mg/liter

Glycated hemoglobin > 7.5

Loss of protective sensation

No in-shoe peak pressure <200 kPs and footwear adherence > 80%
Barefoot dynamic peak plantar pressure (per 100 kPa)
Day-to-day variation in step activity (per 100 strides)

Figure 1:
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DFU risk factors independently associated with ulcer recurrence from five different studies.
Results from Dubsky et a/[°], Reiber et a/[8], Monami et a/l7], Waaijam et a/8], and Peters
et all® and Murray er a/[1% are illustrated in blue, yellow, green, burnt orange, pink, and

purple, respectively.
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Diabetes Mellitus
(Type 1 or Type 2)
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Figure 2.
Flow diagram of the common etiology of DFU development.
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Layer 2 -shear 0 +shear

Figure 3.
Simple physics model illustrating (i) shear is zero where pressure is highest, (ii) shear

stresses have opposite signs on either side of highest pressure, and (iii) discontinuity
between dermal layers.
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Figure 4.
A: Peak pressure recordings under a patients foot. B: Shear stress distribution. Note that

shear can be zero (black regions) where pressure may be high, and (ii) shearing under the
heel does not resemble pressure mapping.
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Figure5.
Shear can occur in multiple planes besides acting on the plantarsurface of the foot. The

illustration above shows the concept of vertical shear, caused by adjacent bony structures
moving relative to interspersed tissue.
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Healthy Foot

Charcot Foot

Figure6.
Anatomical bone representation of a healthy foot structure compared to a Charcot foot

structure.
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Selection of companies with products used to monitor foot pressure and/or shear.

in-shoe system

Company/ Sensor principle Options Comments

technology

Tekscan Conductive ink Both in-shoe (F-Scan®) and In-shoe sensor array can be trimmed to fit shoe. High
platform systems. resolution grid of sensors.

Paromed Hydrocell sensors Pressure platform and the Parotec® Foot pressure measurements are used for automated

insole fabrication.

Materialize Motion
(formerly RSScan

Resistive sensors

The Footscan® system includes
entry-level and advanced options.

Foot pressure measurements are coupled with foot
shape data and used for automated insole fabrication.

Sensor Products Inc.

Piezo resistive
elements

Tactilus High Performance
Footplate

Data sampling can range from 200 to 400 Hz. Used for
orthotics and ulcer studies.

Pressure Profile
Systems (PPS)

Capacitance
approach

Pressure systems for different body
regions

The TactileMat has large pressure mapping surface area
(220 mm x 450 mm)

XSENSOR
Technology Corp.

Capacitance
approach

Both in-shoe and platform systems

High-speed, high-resolution plantar pressure and gait
measurement data.

Innovative Scientific
Solutions

Optical approach

Platform allows for both pressure
and shear measurements

Calibration challenges for shear sensors are overcome
by measuring the relative change in the position of a
polymer film.

Foot Ankle Clin. Author manuscript; available in PMC 2023 April 18.




	Clinical Significance of Diabetic Foot Ulceration
	Shear versus pressure.
	History of the plantar pressure and shear measurements as related to ulcers
	Charcot Arthropathy and Foot Ulceration
	Future Research in Foot Ulceration Monitoring
	Summary

	References
	Figure 1:
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.

