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Abstract

Diabetic foot ulcers (DFUs) remain a very prevalent and challenging complication of diabetes 

worldwide due to high morbidity, high risks of lower extremity amputation and associated 

mortality. Despite major advances in diabetes treatment in general, there is a paucity of 

FDA approved technologies and therapies to promote successful healing. Furthermore, accurate 

biomarkers to identify patients at risk of non-healing and monitor response-to-therapy are 

significantly lacking. To date, research has been slowed by a lack of coordinated efforts 

among basic scientists and clinical researchers and confounded by non-standardized heterogenous 

collection of biospecimen and patient associated data. Novel technologies, especially those in 

the single and ‘multiomics’ arena, are being used to advance the study of diabetic foot ulcers 

but require pragmatic study design to ensure broad adoption following validation. These high 

throughput analyses offer promise to investigate potential biomarkers across wound trajectories 

and may support information on wound healing and pathophysiology not previously well 

understood. Additionally, these biomarkers may be used at the point-of-care. In combination with 

national scalable research efforts, which seek to address the limitations and better inform clinical 

practice, coordinated and integrative insights may lead to improved limb salvage rates.
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1. Problem statement

Diabetes mellitus (DM) may affect every third adult American by 2050.1 The estimated 

prevalence of DM among US adults increased from 5.3 % in 1976–1980 to 11.5 % in 2011–

2014, and outpaced the global increase during the same period 2 and up to 35 % of patients 

with DM will develop a diabetic foot ulcer (DFU).3 Even when adherent to current standard 

care (e.g., wound debridement, dressing changes, offloading, DM control), less than half 

of DFU heal and up to 60 % may develop infection.4-6 These data suggest that additional 

factors are involved in the development of DFU infection and may also explain why many 

patients fail to respond to standard care and have a high rate of DFU reoccurrence. As 

five-year mortality rates range from 29 %–69 % following minor (partial foot) amputation 

and from 52 % to 80 % for patients with major lower extremity amputation,7-10 better 

understanding the various factors promoting DFU healing and non-healing will help to 

prevent all amputation.

Relevant biomarkers to identify individuals at-risk of developing complications from DFU 

are currently lacking. Traditional biomarkers (e.g., wound surface area and % wound 

granulation) used as surrogate markers to predict eventual wound healing and identify 

infections are reactive and require direct observation over multiple weeks to predict wound 

progression.

Development and implementation of cutting-edge technologies to prevent and to evaluate 

personal risk of complications from DFU at the point of care are needed. DFU biomarkers 

can be used to inform and alter care, when necessary, for an individual immediately upon 

evaluation rather than after several weeks of monitoring. Thus, it is critical to develop more 

intuitive biomarkers to advance standard care for DFU care.

2. Diabetic foot ulcers current state of play

Those providers who manage DFUs should be familiar with the four primary tenets of 

wound healing and are supported by multiple national and international clinical practice 

guidelines. These tenets are universally applied during initial and reassessment of DFU 

because normal wound healing is a dynamic continuum.

The first tenet is identification (and eradication) of infection. Diabetic foot infections can 

be acute, subacute, and chronic. Infection management may require tissue and/or bone 

cultures to guide therapy. Enhanced assessment of infection should include radiographs 

and enhanced modalities such as MRIs and bone scans, as needed. Management strategies 

include: medical management with antibiotics, or a variety of surgical procedures as a more 

definitive approach. How best to eradicate infection must be weighed against patient medical 

status and quality of life. The second tenet is assessment of a patient's lower extremity 

vascular status. The delivery of antibiotics and essential nutrients for healing can only occur 
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if the patient's blood flow is adequate. Assessment of vascular status include measures 

of ankle-brachial index, toe-brachial index, transcutaneous oxygen pressure (tcPO2), or 

use of duplex ultrasound, as needed. Outside of traditional pharmacological therapy (e.g., 

antiplatelet, statin, and antihypertensive agents), interdisciplinary management may require 

endovascular or surgical revascularization despite greater risk of adverse perioperative 

events in this patient population. Hyperbaric oxygen therapy also remains an adjunctive 

treatment to increase oxygen delivery and promotion of healing. Third, wound debridement 

is essential for wound healing. There is a saying in the wound healing world, “what you 

take off of the wound is more important than what you put on the wound.” Removing 

devitalized tissue deceases the bioburden and allows for angiogenesis and the stimulation of 

growth factors key in for the wound healing process to progress. There are many advanced 

dressings, but they are only effective if applied to a healthy wound bed. Studies have 

unequivocally demonstrated wound debridement has qualitative and quantitative benefits 

which promote wound healing.11,12 Finally, a fourth tenet for wound healing of DFU is 

pressure relief or ‘offloading’. Pressure relief allows a DFU the ability to heal without the 

constant pressure of one's own body weight and is essential.

Patient and provider adherence to this offloading tenet is not universal and the delivery of 

usual care varies. It is well documented the “gold-standard” for offloading DFU is total 

contact casting (TCC). TCC can reduce pressure on the plantar foot by up to 84 % to 92 

% at the ulcer site, and heals most DFUs within six to eight weeks.16 Bus and coworkers 

conducted a systematic review and found that non-removable offloading devices (i.e., TCC) 

are more effective than removable devices at healing neuropathic foot ulcers.17 Better 

offloading adherence predicted smaller DFU size at 6 weeks but adherence to offloading 

recommendation was estimated to be under 30 % with removable-type offloading devices.13 

Despite this knowledge, in a large multi-center study published by Wu et al., among 895 

centers involved in the treatment of DFUs across the United States, only 1.7 % used TCC 

for the majority of cases.14 18 The authors noted several contributing factors to the minimal 

use of TCC, including patient tolerance, time needed to apply and remove the cast, materials 

cost, and reimbursement challenges.18

2.1. A lack of informative time-sensitive biomarkers to be used at point-of care

Currently, there are no effective tools in clinical wound practice that will readily identify 

and differentiate healing from non-healing patients beside tracking wound surface area 

progression over time. Surface area measurements including percent change in area, 

logarithmic (log) healing rate,14 or log wound surface area ratio14 can be used as surrogate 

endpoints for later complete wound reepithelization.15-17 It is well established that DFU 

which do not have a 40 % wound surface area reduction by 4-weeks undergoing standard 

care will be unlikely to heal by 12-weeks by similar therapy.16 More specifically, DFU 

reaching 60 % wound surface area reduction by 4-weeks with standard care therapy 

demonstrate a 77 % probability of healing by 16-weeks.18 However, these measures have up 

to a 45 % error rate and are confounded further by an intra-rater reliability of only 30 % and 

an inter-rater reliability of 60 %.19
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Additional wound parameters, such as wound color (e.g., % wound granulation), have been 

shown to have prognostic value. Wounds that have a higher % of granulation tissue heal 

more readily and it is often used as an outcome in DFU clinical trials.20-22 Prior work from 

Valenzueula-Silva et al., found that wound base granulation tissue >50 % at 2 weeks, >75 

% at the end of treatment, and 16 % reduction in area had >70 % positive predictive value 

for healing.23 In this same study, wound granulation tissue was estimated by the provider in 

infected DFU (Wagner grade 3 or 4)23 thereby introducing an element of bias and excluding 

many DFUs which are chronic but non-infected. Therefore, while useful in infected DFU, 

the demonstrated utility of % granulation tissue as a biomarker in non-infected DFU is 

transitive, not causal or proven.

Even still, receiver operator curves (ROC) for various DFU predictive models, those which 

predict whether a wound will ultimately heal or not, leave much to be desired. An early 

model incorporated wound clinical features (e.g., age of wound, size of wound, extent 

of infection) to predict DFUs that will not heal. The ROC for this approach was limited 

with area under the receiver operating characteristic curve (AUROC) of 0.66–0.70.24 

An updated version in 2022 which assessed the clinical factors of wound surface area 

and wound duration (in days) combined with machine learning (ML) prediction had an 

improved discrimination capacity AUROC of 0.7212 for wound healing.25 Others have 

taken a systematic approach to evaluate patient-specific variables from a comprehensive 

literature review which were found to be associated with healing. Fife et al. created the 

‘Wound Healing Index (WHI)’ to highlight ten of these factors; the WHI was able to 

generate a predictive AUROC of 0.648–0.668 for wound healing.26 Indeed, prognostic 

classification systems using multivariate analysis of perfusion- and wound-based predictors, 

like the Wound, Ischemia, and Foot infection (WiFi) classification system,27 have provided 

a useful tool to clinicians, but only in a subset of patients. Kaplan-Meier curve analyses 

demonstrated Wifi classification was a better predictor of diabetic wound healing than 

angiosome perfusion or pedal arch grade27; however, these data are only applicable in 

patients with critical limb ischemia undergoing revascularization. Kaplan-Meier analysis 

also support TcPO2 as a useful prognosis as patients with values >40 mmHg possess a 

significantly 25 % higher probability of wound closure compared to patients with <20 

mmHg28; however, reproducibility and technical feasibility remain an ongoing dilemma for 

practical use of tcPO2. Additional models evaluated the ratio of matrix metalloproteinase-9 

(MMP-9) to tissue inhibitor of MMPs (TIMP) and found a cutoff value of MMP-9/

TIMP ratio at <0.395 best predicted a reduction in wound surface area of >80 % by 4 

weeks.29 Unfortunately, the hailed biomarker suffered from relatively poor discriminative 

capacity (AUROC 0.65). Furthermore, these models failed to provide relevant time-to-event 

information and have not been widely adopted as a result.30

2.2. Major identified gaps limiting progress

As evidenced by worsening trends of non-traumatic lower extremity amputations,31 there 

are at least four major gaps which require actionable change to advance standard care 

and prevent additional amputations. First, and most problematic, is that diabetic foot 

complications do not receive broad public attention. The impact of DFU on individuals 

are enormous. This is demonstrated by total costs associated with diabetes-related lower 
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extremity complications. In 2015, costs approached $80 billion and paralleled all cancer 

care costs in the US.32 To combat this, greater advocacy must occur more broadly through 

public service announcements. Emphasis can be placed on finding a cure for DM and to 

highlight the personalized approaches needed to heal DFU. For example, breast cancer 

advocacy groups have aligned with the National Football League (NFL) every October and 

promotes compassion for those suffering from breast cancer. DFU should be no different and 

more spirited representation of DM will increase awareness of this condition and its related 

complications.

Second, provider education about management topics in diabetic foot need to be emphasized 

in medical education and training. This includes providers, allied health professionals, and 

anyone who interacts with a patient with DM. DFU is estimated to be the most common 

cause of diabetes-related admission to hospital33 and will be encountered in a medical career 

regardless of specialty training. Currently, this knowledge gap among medical professionals 

is persistent and is best demonstrated by the diabetic Charcot foot. In a survey of >400 

providers at a major tertiary care facility, approximately 67 % of physicians self-reported 

poor or no knowledge about the diabetic Charcot foot.34 It suggests teaching of general 

management strategies (in diabetic foot) are needed. Thus, the burden to improve care for 

diabetic foot complications remains on the medical community and this gap may not be 

only due to provider knowledge limitations, but also health system limitations in team care 

integration. Structured and dedicated limb salvage services are needed at every institution 

to triage and appropriately manage all diabetes-related lower extremity complications. This 

concerted effort will further support the multidisciplinary care team required to care for 

these patients longitudinally.

Third, and which highlights the former, is a requirement for clinical trials to be 

pragmatically designed and evaluate novel wound products under real-life routine practice 

conditions. Historically, standard care involved the application of a wet to dry (WTD) 

dressing to a wound. When WTD is removed, it performed non-selective debridement and 

was re-applied as prescribed. This standard care remains a benchmark which novel wound 

care products are compared against. However, for clinical practitioners, an effectiveness 

study, which emphasizes whether or not a treatment works pragmatically in the real-world, 

is more appropriate.35 We must uphold this standard rather than a historic one which is 

grossly oversimplified with respect to the DFU question. A ladder of opportunity to advance 

standard care practice is presented in Fig. 1.

Finally, access to standardized clinical data to better understand best practices is lacking. 

While requirements for ethical billing are well defined in local care determination 

(LCD) documents, provider notes are largely not easily shared and remain prohibitively 

inaccessible to interested researchers. A registry like the “Diabetic Foot Ulcer Registry” 

(ClinicalTrials.gov identifier: NCT02813161) represents a collaborative effort between the 

American Podiatric Medical Association (APMA) and the U.S. Wound Registry to create 

a longitudinal real-world registry of DFUs abstracted from electronic health record (EHR) 

data obtained in the course of clinical care.36 The richness in data produced by clinical 

care documentation is an untapped research tool which can inform and monitor best clinical 

practice through big data analyses. Until there is honest, unified documentation standards 

Schmidt et al. Page 5

J Diabetes Complications. Author manuscript; available in PMC 2023 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT02813161


and outcome reporting in the DFU space, practitioners and patients alike will continue to be 

subjected to customary practice rather than evidence-based medicine.

2.3. Innovative new methods

To fill knowledge gaps, molecular techniques offer promise to investigate potential DFU 

biomarkers at various clinical stages and may support information on wound trajectory. 

Biomarker assessment can be categorized according to biological material studied. Inclusion 

of inflammatory, genomic, proteomic, metabolic, epigenetic, microbial, and imaging 

biomarkers is necessary as they are interrelated with emerging technologies and can 

be integrated with standard care practices. Multiomic data provides a more granular 

understanding of the spatial and temporal relationships of cells involved in the wound 

healing continuum. Below are emerging technologies which may contribute significantly 

to progressing knowledge of DFU biomarkers at a molecular level. The techniques are 

highlighted with available clinically relevant data provided in each subsection.

2.4. Single-cell RNA-sequencing (scRNA-seq)

Single-cell RNA-sequencing (scRNA-Seq) analysis provides deep insight into cell function 

and disease pathophysiology.37 It profiles the transcriptome landscape of individual cells 

in heterogenous tissues, disease or normal. In cancer biology, scRNA-Seq is used to plot 

cancer microenvironments and evaluate molecular mechanisms which may contribute to the 

(specific) disease state. Evaluating the microenvironment allows investigators to identify 

potential therapeutic targets. This approach has only recently been conducted in DFU 

tissue.37

An initial study of DFU resected during foot surgery was used for single cell-preparation 

and compared to non-diabetic skin and non-DFU tissue. Analysis demonstrated different 

fibroblast clusters were expressive in distinctive patterns and associated with an “distinctive 

injury response-associated gene expression profile” thought to be related DFU chronic 

inflammation in healers versus non-healers. However, these measurements were cross-

sectional and qualified healers and non-healers at 12-weeks following intervention. 

Regardless, having the ability to map transitory states of healing during longitudinal 

follow-up encounters may prove valuable when assessing patients across wound healing 

trajectories. Further research is needed to better inform this technology.

In a murine model, RNA sequencing was used to evaluate expressional profile differences in 

epidermal, dermal, and subcutaneous layers of skin directly adjacent to wounded skin. The 

authors noted key wound signaling pathway involvement in specific layers. Additionally, 

dressing material and/or the placement of negative pressure wound therapy (NPWT) 

demonstrated the capacity to modulate early wound signaling in the skin layers.38 This study 

provided valuable information on medical material interactions with wound tissue and/or 

NPWT. It also provided information about genomic changes occurring early in the wound 

healing process that was previously not well elucidated. In summary, the authors noted the 

experimental data offered new perspective and methodology for characterizing wound tissue 

responses to wounding and provided new insight into localizing expressional patterns and 

genomic profiles within different wound regions.38
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The level of additional detail provided by a layered approach may ultimately help improve 

clinical therapies. It highlights the growing utility of RNA seq to evaluate the wound healing 

environment at various time intervals.

2.5. Spatial transcriptomics (ST)

A component lost during cellular assessment via scRNA-Seq is the spatial relationship of 

molecular information.39 Because of cell emulsification methods used to perform scRNA-

Seq, visualization and quantification of the molecular transcriptome is lost. However, spatial 

transcriptomics (ST) is a more recent method that enables the visualization and quantitation 

of the transcriptome in individual tissue sections.

Traditional measures of cell surface profiles which measure tissue depth and define cell 

lineages40 are insufficient to identify cell subtype by region within a wound. Using a 

combination of ST techniques, including scRNA-seq with single cell chromatin accessibility 

(scATAC-seq), investigators have shown in murine models that traditional cell surface 

markers are insufficient to characterize regional heterogeneity among wound healing 

fibroblasts.41 Specifically, they found there were no differences in fibroblast subpopulations 

based on region of the wound (i.e., inner and outer wound) when using traditional measures 

of cell lineage.41

Moreover, other ST platforms exist and include RNA-scope and multiplexed error-robust 

fluorescence in situ hybridization (MER-FISH).42,43 First, RNA-scope is a novel in situ 

hybridization assay for detection of target RNA within intact cells while MERFISH allows 

for simultaneously measuring the copy number and spatial distribution of RNA species from 

individual cells. These methods can facilitate improved understanding of spatial resolution 

of RNA transcripts within the variety of subcellular populations involved throughout the 

phases of wound healing. However, at the time of this review, ST techniques have not 

been utilized in DFU research. Use of ST to interpret the transcriptome as it relates to 

biogeography in DFU will be important to elucidate cellular differences with enhanced 

temporospatial resolution. The level of detail may allow a more tailored wound product 

application to specific part of a wound (e.g., areas of increased depth versus superficial 

margins) and promote wound healing.

2.6. Proteomics

Proteomics enables characterization of protein expression, immunophenotype, and 

functionality. It can be especially valuable in immunology and wound healing where a 

myriad of cellular processes is ongoing and in coordination with one another. A tool 

called spatial proteomics or CO-detection by indexing (CODEX), supports the localization 

of proteins, and their dynamic interactions, at the subcellular level; allowing for a more 

complete description of tissue architecture.44,45 Furthermore, newer studies have harnessed 

the power of comparative spatial proteomics as a discovery tool as well. The DFU landscape 

is no exception.

For example, to elucidate how DFU healing occurs while using negative pressure wound 

therapy (NPWT), the authors analyzed granulation tissue from debrided DFUs using label-

free quantitative mass spectrometry prior to- and following NPWT for one week.46 The 
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authors discovered that 33 proteins were upregulated and 3 proteins were downregulated; 

NPWT altered multiple proteins within the granulation tissue of these ulcers, mostly 

associated with detoxification and antioxidation, regulation of inflammation, complement, 

and coagulation cascades, and modification of lipid metabolism and extracellular matrix.46 

Specifically, their findings highlighted certain proteins (e.g., PRDX2, PROS1, CTSS and 

ITIH4)46 that are supported by congruous reports47,48 and which could act as future 

potential biomarkers to assess the efficacy of treatment response to NPWT in DFU.

2.7. Immunophenotyping and epigenetics

Impaired wound healing in DM is thought to occur due to defects in the inflammatory 

response, epithelialization, angiogenesis, and migration of epithelial cells. Although many 

immune and structural cells are altered in diabetic wounds, one of the most well-studied 

immune cells specifically related to the inflammatory process is the monocyte/macrophage. 

In most of the wound healing literature to date, it is well described that in normal 

wound repair, monocyte/macrophages demonstrate high plasticity and convert from a 

pro-inflammatory macrophage to a reparative macrophage during the course of healing. 

While significant strides have been made in recognizing the contribution of blood monocyte-

derived macrophages to tissue repair, it remains challenging to study monocyte/macrophage 

phenotypes in vivo due to a lack of consensus on nomenclature, cell-marker definitions, and 

debate over effector-cell origin.49,50 For example, M1-like (pro-inflammatory) consensus 

genes (Arg1, Socs1, Nos2, Marco, Il27, Il23a, Il12a, Il6, Nfkbiz, Tnf, and Irf5) demonstrate 

a resemblance between in vivo Ly6CHi wound monocyte/macrophages and M1[LPS/IFNγ] 

in vitro macrophages. Further, M2-like (reparative) consensus genes (Arg1, Chil3, Retnla, 
Nos2, Ccl24, Marco, Irf4, Ccl22, Ccl17, Alox15 and Socs2) demonstrate genes shared 

by both subsets, including Arg1 and Nos2, were most strongly expressed by in vivo 

Ly6C wound monocyte/macrophages. In fact, many of the genes that were distinct to the 

M2 subset were not highly expressed by any in vivo subset.51 Cytometry by time of 

flight (CyTOF) is one method where mass cytometry is capable of quantifying over 40 

labeled targets on the surface of single cells, allowing for high-throughput interrogation of 

immune cell subpopulations. When coupled with proteomic stabilizing techniques, which 

preserve the integrity of single cell structure and proteome, researchers can characterize both 

extracellular and intracellular protein signatures and shifts in protein production at single 

cell resolution. What has come of the advanced sequencing data is the conclusion that there 

are multiple monocyte-macrophage phenotypes in tissue that exist along a spectrum and 

thus, prior conventional descriptions are not valid in vivo. These findings help to promote 

more accurate immunophenotyping of monocyte/macrophages in human tissue and may 

identify future targets for interventional therapy.

Similarly, newly published work by Wolf et al. depict epigenetic regulation of inflammation 

in keratinocytes during wound repair which was informed by previous ChIP-seq/RNA-seq 

findings. The team showed histone methyltransferase mixed-lineage leukemia 1 (MLL1) 

regulates IFNk in keratinocytes. Impaired IFNk production was evident in both human and 

murine diabetic wounds. Indeed, when IFNk was ablated, aberrant early phase inflammation 

was established with concomitant perturbation in wound healing. Upon keratinocyte specific 

deletion of MLL1, a similar decrease in IFNk expression was seen. These data strongly 
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suggest that keratinocytes of the DM patient undergo epigenetic regulation of IFNk 

gene expression. The exact upstream mechanisms regulating MLL1-mediated Ifnk gene 

expression in keratinocytes remain unclear but MLL1/IFNk i in keratinocytes could be a 

novel approach to target inflammation in wounds. These studies demonstrate advancement 

of bench science informs our clinical understanding of wound healing.

2.8. Metagenomic assessment

Infection in DFU, including osteomyelitis, remain a diagnostic and therapeutic challenge. 

Consensus guidelines depend upon conventional culture techniques. Studies which 

evaluate culture-independent techniques often lack standardized assessment of a sentinel 

DFU. Numerous validated diabetic foot risk classification systems are described in the 

literature53-56 but focus on individuals who are at-risk to develop DFU and do not assess 

the risk of the DFU itself. Nearly all diabetic foot infections are preceded by DFU; the 

prevalence of these infections have been reported to range between 25 and 60 %.4-6 Patients 

who develop an infection have a 155-fold increased risk of amputation compared to those 

who do not.57 Studies evaluating the development of infection are much less common and 

this represents a critical gap in pathogenesis of DFU.

Culture-independent techniques such as next generation sequencing (NGS) or metagenomics 

next-generation sequencing (mNGS) can facilitate rapid interpretation of pathogen without 

the delay in time normally seen in conventional cultures. Present in all living organisms 

is the highly conserved 16S rRNA gene; (m)NGS examines the 16S rRNA gene's nine 

hypervariable regions to identify bacterial taxa58,59 from a sample. These approaches 

have shown promise in research settings but remain labor-intensive and bioinformatically 

intensive limiting their clinical value.60 Loesche et al. demonstrated, by evaluating dynamic 

microbiota changes longitudinally, that increased DFU microbiota diversity was associated 

with a faster (DFU) healing rate.61 Longitudinal sampling of DFU via wound swabs has 

also shown Staphylococcus aureus (S. aureus) strain diversity to be associated with outcome 

and effective wound debridement shifts the microbiome in an outcome-dependent manner.62 

However, employment of amplicon-based sequencing failed to distinguish individual species 

making detection of microbial community assembly difficult.63,64 Moreover, the use of 

wound swabs for microbial evaluation is opposed by both the Infectious Disease Society 

of American (IDSA) and International Wound Group Diabetic Foot (IWGDF)65,66 as swabs 

demonstrate discordance with increased wound depth and are not consistent with good 

clinical practice.67

Still, early data from culture-independent techniques provides valuable insight into 

microbiome analysis of a DFU as care is provided. In fact, when ideal standard care is 

applied which includes the use of optimized offloading, the microbiome shifts dynamically. 

In a study by Issac et al., DFU patients were treated with regular wound debridement and 

application of a TCC weekly. NGS swab testing was performed at each visit, following 

debridement, and demonstrated significant variance in distribution of organisms from week 

to week. Specifically, the authors note initial abundances of S. aureus, Corynebacterium 
spp., and Acinetobacter spp. were most prevalent.68 As the wound followed a wound healing 

trajectory, the abundance diversity [of varied organisms] decreased. Additionally, genes 
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which coded for beta-lactamase and tetracycline resistance also decreased as the wound 

followed a healing trajectory.68 Conversely, it mirrors research supporting negative DFU 

outcomes infected with drug resistant organisms.69-71

Lacking from NGS studies are clinical trials and translational applications. The major barrier 

to clinical implementation of these culture-independent tools is the technology's inability 

to distinguish between viable and nonviable microbes. The biohistory and biogeography of 

DFU require more well-controlled investigations to determine the importance of type and 

(relative or absolute) abundance of microbes for both infected- and non-infected clinical 

states. This foundational work is required to identify risk factors for a DFU to become 

infected. For example, bacteria in acutely infected DFU prioritize motility over biofilm 

and demonstrate greater pathogenicity and mechanisms as compared to a chronic wound.72 

Only once more specific bacteria-related information is elucidated from culture-independent 

techniques will focused targeted clinical trials be able to establish their role in therapeutic 

trials in DFU with or without clinical infection. For now, this remains aspirational.

2.9. Wound image assessment

Obtaining DFU imaging biomarkers require refinement and advanced image processing 

in conjunction with machine learning (ML) methods to facilitate development of novel 

imaging biomarkers directly extractable from clinically obtained images. Several cutting-

edge image technologies have been developed for management of DFU. These include 

imaging technologies that use a spectrum of imaging devices, ranging from specialized 3D 

cameras to regular smartphones, for image capturing coupled with computational methods 

for analysis of wound area determination and healing score evaluation.1,3

Deep learning approaches have been utilized in several analyses of DFU images.15,73,74 

Advanced image processing and ML methods for assessment of images captured by 

smartphones and tablets have been developed recently.19,75 From here, processors are then 

able to extract clinically relevant biomarkers from the wound photographs. The imaging 

features are then combined with available clinical attributes obtained from the EHR to 

predict the chance and timing of healing of an index DFU.

To make this feasible, and as an example, our wound segmentation method processes 

input images (e.g., digital photos of wounds), removes any artifacts, and is then fed into 

a Convolutional Neural Network (CNN) to produce a probability map. The generated 

probability maps are then processed to extract the wound region and is then post-processed 

to reduce false positives.76 When compared with Support Vector Machines (SVM) and a 

patch-based CNN using Dice score, among others (Table 1), as the main metrics to assess 

the quality of wound segmentation, it was demonstrated our method is vastly superior for 

any of the image processing quality metrics.

With advances in wound segmentation processes, it enables interrogation and quantification 

of biomarkers available in wound images. These biomarkers may not always be discernable 

to the naked eye. Image biomarkers could be as simple as percent wound granulation 

tissue, as noted previously, or more involved and may include shape-based features, such 

as “wound solidity” or the density of a wound region. This can be quantified using 
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image technologies and ML. Thus, the advanced wound segmentation method supports the 

extraction of imaging biomarkers from the now-processed clinically obtained image.

Besides deep learning-based features that are becoming highly popular in many other 

biomedical imaging systems, work continues to incorporate important imaging features that 

are meaningful, handcrafted, and have high clinical relevance. However, several challenges 

exist. First, diversity of data is lacking. Most wound image data exists from a single locale 

or academic center and definitive conclusions cannot be drawn from the data because of 

insufficient generalizability. The second reason, which further highlights the concern with 

diversity of data, is a lack of standardization in digital photography of wounds. For example, 

external factors such as angle of an image, positioning of the foot with respect to the 

camera, and lighting, all are not consistently defined. The resulting methodologies make 

data extraction and biomarker analysis highly dependent on the quality of a single image. 

Thus, the interpretation of data is also highly susceptible to image quality. Thirdly, reliable 

ML is predicated on integration of clinical phenotypic information. Datasets which include 

comprehensive patient-specific data to be used to integrate with wound image analysis is 

challenging. Finally, transparent ML is needed to inform clinical incorporation. ML is well 

known to be able to predict a clinical outcome, but these outcomes may be of little clinical 

value. Because the eventual outcome prediction is generally opaque and nontransparent, 

clinical utility of any extracted biomarkers would therefore remain low. With standardized 

approaches and richness in data, ML could provide reasoning behind rules and assignments 

for outcomes, which would be more user friendly for providers. It is therefore vital for the 

newest technology to perform standardized wound image analysis as a part of standard care 

at any point in care of a DFU to increase its clinical value.

3. New directions to address the problem with a look towards the future

To address these issues, at least one scalable national effort is established to further 

investigate care of individuals with a DFU. The NIDDK-funded Diabetic Foot Consortium 

(DFC) is the first-ever research network which seeks to tackle diabetic foot complications. 

The DFC aims to lay the foundation for a clinical trial network to test how to improve 

diabetic wound healing and prevent amputations among the 34 million, and growing, 

American adults with DM. Initially, the DFC was focused on identifying novel valid 

biomarkers to implement in clinical care. Additionally, studies now include a standardized 

tissue collection and preservation biorepository of biospecimens from individuals enrolled 

in the DFC's various studies (Clinicaltrials.gov: NCT05092620) and a fully integrated 

Ancillary Studies arm. The DFC is a fertile ground for validating potentially relevant DFU 

research with its access to robust clinical and research infrastructure critically dedicated 

to supporting cross-sectional and longitudinal DFU research. The DFC includes a Data 

Coordinating Center for access to robust patient demographic and phenotypic information as 

well.

Moreover, challenges remain after sample procurement has occurred in the form of data 

integration from ‘-omics’ datasets. First, to take the data from a single-omics study and 

combine into a multi-omics approach is dependent on appropriate gene- and feature 

selection. Gene selection methods are divided into five subsets: embedded, ensemble, 
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hybrid, filter, and wrapper. Each has their benefits and drawbacks, with substantial 

bioinformatic expertise required alongside increased computational costs. These data-

intensive demands exist because genetic products can have multiple relationships with 

their microenvironment. Second, in multi-omics studies involving various cancers, multiple 

cellular relationships exist and interfere with final data synthesis.77 The DFU environment 

is similarly complex. Any tissue- or cell related associations must be closely considered 

prior to data integration to provide the most reliable and most stable results. Likewise, 

feature selection in the single -omics data must also be reliable to inform feature selection 

in the multi-omics approach. Without this, the final performance of data integration may be 

endangered.

Thus, advances of the techniques being employed in the DFU field need to occur, but also 

in the reduction of the bioinformatic requirements to evaluate the data derived and the way 

we study novel clinical applications. Only then will the understanding of wound healing 

advance to alter standard care practice.

4. Final recommendations

In summary, we present a comprehensive overview of current knowledge gaps, the newest 

technologies and associated biomarkers which can be assessed to advance our understanding 

of wound healing biology in DFU and infection. Understanding the origin, activation, and 

differentiation trajectories of wound healing cells through a combination of these techniques 

is necessary to develop therapeutic strategies to promote optimal tissue repair. Incorporation 

of new knowledge gained from standardized clinical data and biospecimens from patients 

with DFUs will inform and enrich pragmatic clinical trial implementation.

Future clinical studies should include an active comparator, leverage the available DFC to 

promote larger sample size studies to limit the historical (over-)reliance on cross-sectional 

studies, and incorporate standardized assessments of DFU and related outcomes. This will 

assist in fine tuning appropriate gene- and feature selection to identify biomarkers involved 

in various phases of wound healing. Ultimately, these implementations will better support 

ongoing advancements in data integration and further foster the bench-to-bedside process.
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Fig. 1. 
Opportunities to advance standard care for diabetic foot. Providers and patients provide 

clinical evidence of known gaps in care. The process to advance care becomes progressively 

more demanding at each level. Through focused planning, common data collection, and 

execution of pragmatic trials in scientific networks, rigorous assessment of new evidence 

will lead to broad implementation of evidence into regular care of DFU patients. “NEEDS” 

and “GOALS” at each level are highlighted on the left and right, respectively.
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