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Background

Diabetic foot ulcers (DFUs) are the visible wounds inflicted 
by years of a multitude of factors, starting with metabolic 
insults inherent to diabetes. Poor circulation, neuropathy, 
friction, and trauma to the foot add to the risk for a DFU and 
lower extremity amputation. The DFUs remain one of the 
most devastating complications of diabetes due to the high 
risk of lower extremity amputations, poor quality of life, low 
physical and social functioning, high mortality, and unac-
ceptably high costs.1-4 The five-year mortality rates after 
lower extremity amputations may be as high as 50%.3,5 
Current standard of care, interpreted and practiced variably 
across the wound care continuum, leaves approximately 70% 
of DFUs unhealed, a percentage that has not changed in 
decades.6,7 The poor healing reflects the comorbidities of 
vascular disease, neuropathy, and chronic inflammation, as 
well as the lack of effective therapies. Development of DFU 
therapies has stalled with the last drug approved in 1984 

despite considerable advances in understanding the biology 
of acute and chronic wounds. Surgical and pressure relief 

1121152 DSTXXX10.1177/19322968221121152Journal of Diabetes Science and TechnologyJones et al
research-article2022

1National Institute of Diabetes and Digestive and Kidney Diseases 
(NIDDK), Bethesda, MD, USA
2University of Michigan Medical School, Ann Arbor, MI, USA
3Section on Genetics and Epidemiology, Joslin Diabetes Center, Harvard 
Medical School, Boston, MA, USA
4Indiana University School of Medicine and Indiana University Health 
Comprehensive Wound Center, Indianapolis, IN, USA
5Wound Healing and Regenerative Medicine Research Program, University 
of Miami Miller School of Medicine, Miami, FL, USA
6The Rongxiang Xu, MD, Center for Regenerative Therapeutics, Joslin-
Beth Israel Deaconess Foot Center, Beth Israel Deaconess Medical 
Center, Harvard Medical School, Boston, MA, USA

Corresponding Author:
Teresa L.Z. Jones, MD, National Institute of Diabetes and Digestive and 
Kidney Diseases (NIDDK), 6707 Democracy Boulevard, Suite 6075, 
Bethesda, MD 20892, USA. 
Email: teresa.jones@nih.gov

The NIDDK Diabetic Foot Consortium

Teresa L.Z. Jones, MD1 , Crystal M. Holmes, DPM2,  
Aimee Katona, BS2, Catherine L. Martin, MS2,  
Monika A. Niewczas, MD, PhD, MPH3,  
Rodica Pop-Busui, MD, PhD2 , Brian M. Schmidt, DPM2 ,  
Chandan K. Sen, PhD4, Marjana Tomic-Canic, PhD5,  
and Aristidis Veves, MD, DSc6; on behalf of the Diabetic Foot 
Consortium

Abstract
The National Institute of Diabetes and Digestive and Kidney Diseases (NIDDK) Diabetic Foot Consortium (DFC) was 
established in September 2018 by the NIDDK to build an organization to facilitate the highest quality of clinical research on 
diabetic foot ulcers (DFUs) that will answer clinically significant questions to improve DFU healing and prevent amputations. 
The initial focus of the DFC is to develop and validate biomarkers for DFUs that can be used in clinical care and research. 
The DFC consists of a data coordinating center (DCC) for operational oversight and statistical analysis, clinical sites for 
participant recruitment and evaluation, and biomarker analysis units (BAUs). The DFC is currently studying biomarkers to 
predict wound healing and recurrence and is collecting biosamples for future studies through a biorepository. The DFC plans 
to address the challenges of recruitment and eligibility criteria for DFU clinical trials by taking an approach of “No DFU Patient 
Goes Unstudied.” In this platform approach, clinical history, DFU outcome, wound imaging, and biologic measurements from 
a large number of patients will be captured and the in-depth longitudinal data set will be analyzed to develop a computational-
based DFU risk factor profile to facilitate scientifically sound clinical trial design. The DFC will expand its platform to include 
studies of the role of social determinants of health, such as food insecurity, housing instability, limited health literacy, and 
poor social support. The DFC is starting partnerships with the broad group of stakeholders in the wound care community.
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therapies have been proven beneficial interventions for limb 
salvage but do not forecast or slow disease progression.

The National Institute of Diabetes and Digestive and 
Kidney Diseases (NIDDK) supports basic and clinical 
research on diabetic wound healing and sought to improve 
the translation of discoveries on wound pathology to thera-
pies that would heal DFUs and prevent amputations. The 
NIDDK convened a panel of experts in the field, who identi-
fied a clinical network and DFU biomarkers as two areas of 
greatest need to advance DFU clinical research. These priori-
ties were incorporated as the goals for the NIDDK Diabetic 
Foot Consortium (DFC).

Build an Infrastructure to Facilitate the Highest 
Quality of Clinical Research on DFUs

The DFC is the first multicenter national network dedicated 
to the study of DFUs. The consortium has attracted the lead-
ers of the field with complementary expertise to select the 
most promising biomarkers and design protocols that incor-
porate current site-specific standard of care, outcome mea-
sures, and statistical analysis. Implementation of these 
studies at multiple sites accelerates and optimizes recruit-
ment, a common difficulty in DFU research, and tests the 
feasibility of biomarker data collection in different clinical 
settings.

Validate Biomarkers for DFUs That can be Used 
in Clinical Care and Research

The DFC uses the FDA-NIH definition of a biomarker “as a 
defined characteristic that is measured as an indicator of nor-
mal biological processes, pathogenic processes, or responses 
to an exposure or intervention, including therapeutic inter-
ventions. Molecular, histologic, radiographic, or physiologic 
characteristics are types of biomarkers.”8 The use of vali-
dated biomarkers holds the potential to radically improve 
treatment and clinical trials for DFUs. Notably, no validated 
biomarkers for DFU healing or recurrence currently exist. 
Current treatment strategy includes a tier-based approach in 
which everyone is treated with standard care at first. If the 
wound has only limited improvement after several weeks 
(typically four), more aggressive and expensive therapies are 
implemented. This “trial and error” approach is costly and 
ineffective. Thus, developing new biological and/or digital 
technology markers to predict DFU wound healing or wound 
recurrence would have a profound impact on millions of 
patients with diabetes mellitus by (1) aiding the decision-
making process in DFU care by identifying those wounds 
unlikely to respond to standard treatment and require more 
aggressive therapy; (2) monitoring clinical progression of 
healing; (3) facilitate testing of new therapies in more homo-
geneous patient populations; and (4) predicting recurrence to 
inform prevention and early intervention. Most biological 
and imaging biomarkers could be obtained at clinic visits, 

whereas digital biomarkers could be also obtained using bio-
logic sensors that continuously monitor the status of the 
DFU.

DFC Organization

The DFC9 was funded by the NIDDK in 2018 and created the 
first multicenter network to study DFUs to improve diabetic 
wound healing and prevent amputations among the 37 mil-
lion Americans with diabetes. The current organization of 
the DFC that consists of a data coordinating center (DCC), 
six clinical research units (CRUs), and four biomarker analy-
sis units (BAUs) and brings together expertise in the clinical 
and basic science of wound healing, biostatistics, vascular 
and plastic surgery, podiatry, dermatology, endocrinology, 
nursing, and social determinants of health (SDH) (Figure 1).

The CRUs are responsible for all interactions with partici-
pants. They enroll patients who have a recently closed DFU 
or an open DFU that is being treated with standard care. 
Following the biomarker protocols, they collect medical his-
tories, biospecimens, and DFU images and perform bedside 
tests. Biospecimens or biomarker data are sent to the BAUs 
for laboratory measurements and analysis. The DCC provides 
operational support and statistical expertise. The DCC and 
CRUs were selected through Funding Opportunity 
Announcements, RFA-DK-17-014 and RFA-DK-18-010, 
which provide more information about their roles in the DFC.

The DFC Steering Committee consists of investigators 
with a broad range of complementary expertise and includes 
podiatrists, vascular surgeons, plastic surgeons, endocrinolo-
gists, dermatologists, nurses, clinical coordinators, and basic/
translational scientists. It develops clinical biomarker proto-
cols through a consensus building process that takes into 
consideration differences in clinical and research practices at 
six CRU institutions. Critical discussions are held on the 
entry criteria to find the balance between narrow eligibility 
criteria strongly supported by ample pilot data and the likely 
slower recruitment versus broader eligibility criteria that 
facilitates recruitment and increases the potential usefulness, 
but also poses greater risk for biomarker validation. The 
DCC statisticians worked with the study teams and the DFC 
Steering Committee to determine sample size to validate the 
utility of the biomarkers with sufficient power for each study, 
as well as develop sophisticated analytic approaches. The 
BAU Study Chairs and the DCC provide oversight on the 
execution of the protocols and make recommendations to the 
Steering Committee on protocol improvements. The DFC 
provides opportunity to support additional projects. The 
DFC Ancillary Study Committee reviews requests from 
investigators that want to collaborate through access to bio-
samples, DFU images or data collected through the 
Biorepository Protocol (see below) or through collection of 
new biosamples, DFU images, and/or data. More informa-
tion about the consortium and Ancillary Study requests can 
be found at the DFC Web site.9



Jones et al	 9

DFC Biomarker Studies
There are several ongoing studies encompassing local and 
systemic biomarkers for predicting wound closure and recur-
rence and collecting biosamples and data for future studies 
(Figure 2). These biomarkers were selected either through 
(1) a NIDDK Workshop in October 2018 soliciting candidate 
biomarkers ready for validation in a multicenter study or (2) 
a NIDDK funding opportunity for early-stage development 

of DFU biomarkers, RFA-DK-21-001. The DFC considers 
these biomarkers as only the initial steps within the multitude 
of potential biomarkers of ulcer and patient characteristics 
that would provide a comprehensive understanding of 
chronic diabetic wounds and their healing. In addition to bio-
markers, current studies include validated surveys, com-
pleted by participants, that address neuropathy signs and 
symptoms, quality of life, and sleep quality.10-13

Figure 1.  Organization and components of the Diabetic Foot Consortium.
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Figure 2.  Biomarker and biorepository research in the Diabetic Foot Consortium.
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Development of a Biomarker for Nonhealing 
DFUs—cMyc and Phosphorylated Glucocorticoid 
Receptor

The first biomarkers selected for study in the DFC were from 
the Wound Healing Research Program at the University of 
Miami (PI Dr Marjana Tomic-Canic), based on promising 
preliminary data showing that cMyc and phosphorylated glu-
cocorticoid receptor (pGR) were specific and prognostic 
wound-healing biomarkers. These molecules have strong 
preclinical evidence and biological role in the wound healing 
process.14-19 The approach is based on an established premise 
that tissue samples from DFUs provide a unique resource to 
assess their pathophysiology.20 The hypothesis is that edges 
of nonhealing (open for at least four weeks) chronic wounds 
contain tissue that is unresponsive to wound-healing stim-
uli21-23 due to increases in inhibitors of healing. This tissue 
can be used to assess nonhealing biomarkers as an objective 
clinical indicator of prognosis.24-26 Both proposed biomark-
ers, cMyc and pGR, are part of signaling network that plays 
a major role in the pathophysiology of DFUs and predict 
wound size reduction at four weeks in a pilot study of DFU 
patients.14-18 At baseline and four weeks, the CRUs collect 
and send wound edge tissue samples that are obtained during 
DFU debridement. The BAU analyzes the sample for tissue 
quality and the cellular localization and quantification of 
cMyc and pGR in the epidermal cells. The study will test and 
validate if a quantification of nuclear cMyc and pGR at the 
baseline visit will predict whether wounds will heal by 12 
weeks with standard care treatment. Standard care treatment 
is based on published guidelines and includes off-loading 
with total contact casts or removable cast walkers,27,28 
whereas a complete wound closure is defined by skin reepi-
thelialization without drainage or dressing requirements con-
firmed at two consecutive study visits two weeks apart.29

Development of a Biomarker for DFU 
Recurrence—Transepidermal Water Loss Study

The second biomarker selected was from the Comprehensive 
Wound Center at Indiana University (PI Dr. Chandan K. Sen) 
based on promising multicenter pilot data showing that high 
wound transepidermal water loss (TEWL) may be an early 
indicator of risk for DFU recurrence. Currently, the FDA 
only recognizes the endpoint of complete wound closure in 
clinical trials, which is defined as skin reepithelialization 
with no discharge at two consecutive study visits, two weeks 
apart.2,29 However, it has become clear that reepithelializa-
tion does not guarantee restoration of the skin barrier,30-32 
which is a critical determinant of skin function and resistance 
to infection. An impaired skin barrier can lead to wound 
recurrence and abnormalities of the repaired skin of DFU 
patients may underlie the high rates of recidivism in diabetic 
wounds (30% recur within one year).2,33 The hypothesis is 

that restoration of skin barrier function, a marker of func-
tional wound closure,34-36 as measured by TEWL at wound 
closure will predict recurrence in the next 16 weeks. If vali-
dated, TEWL levels could change the outcome measure for 
healing and alert the clinician early on to the need for more 
aggressive management. The CRUs recruit participants with 
a recently closed DFU and measure TEWL using a hand-held 
device (Cortex DermaLab Combo Complete Skin Analyzer 
System; Cortex Technologies, Hadsund, Denmark) at five 
specified locations on the healed ulcer and three measure-
ments are obtained on intact skin from same anatomic area 
on the opposite limb. Measures are obtained at baseline and 
two weeks later for confirmation of DFU healing. The par-
ticipants are then contacted weekly by telephone for 16 
weeks for the status of the site of the healed DFU and repeat 
TEWL measurements are performed at week 16, if the DFU 
remains closed.

Development of a DFU Bio- and Data 
Repository—A Resource of High-Quality 
Biosamples and Longitudinal Data

An important goal of the DFC is to facilitate clinical and 
basic research of the DFUs. Therefore, to maximally utilize 
clinical network and patients enrolled, the DFC established a 
bio- and data repository. The Biorepository Committee, 
under the leadership of Dr Brian Schmidt at the University of 
Michigan, developed a protocol to collect high-quality bio-
logical samples (blood, urine, wound tissue, and fluid), DFU 
images, and data using standardized methods from partici-
pants in active DFC protocols. Biorepository samples are 
collected at two time points during active participation in 
DFC studies and long-term outcomes are collected by tele-
phone every six months for two years. The data collected as 
part of these protocols include medical histories, lower 
extremity examinations, DFU treatments, patient-reported 
outcomes, and wound images. Such longitudinal collection 
of both biological materials and clinical data is unique for the 
field of DFUs and creates a major research resource. The 
biorepository is intentionally “future proof” and will provide 
material for metagenomics, next-generation sequencing, and 
single-cell transcriptomics, as well as development of bio-
markers based on wound images. Biosamples and data will 
be available through the DFC Central Laboratory and even-
tually through the NIDDK Central Repository.

Patient-Reported Outcomes

Several patient-centered outcomes are currently assessed 
using a variety of self-reported validated surveys including 
the Michigan Neuropathy Screening Instrument (MNSI), a 
validated instrument to assess neuropathic symptoms and 
pain; SF-12 that assesses the impact of health on everyday 
life; the Diabetes Foot Ulcer Scale that assess the impact of 
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foot ulcers on treatments on quality of life; and PROMIS 4a 
(sleep quality).9-12

Early-stage development of DFU biomarkers.  Basic wound 
healing research has made considerable progress in under-
standing many pathways that contribute to the poor healing 
of DFUs and provide additional opportunities for biomarker 
development. These studies, often using animal models, 
have revealed many potential biomarker and therapeutic tar-
gets, but further advancement and effective translation 
requires (1) proof-of-concept studies of human DFUs that 
encompass skin and microbiome changes from diabetes, the 
unique features of plantar skin and foot pressure, and the 
inflammation of chronic wounds; and (2) the development 
and validation of the biomarker measurement methods with 
performance characteristics that are acceptable in terms of 
sensitivity, specificity, accuracy, and precision. The DFC is 
supporting the early translation of DFU biomarkers through 
funding by NIDDK and the Special Diabetes Program for 
Type 1 Diabetes Research, RFA-DK-21-001. A collaboration 
between the wound care programs at Beth-Israel Deaconess 
and Joslin Diabetes Center (PIs Dr Aristides Veves and Dr 
Monika Niewczas) will use a proteomics approach to deter-
mine whether a panel of serum proteins can predict poor 
DFU healing. High-throughput approaches have been shown 
successful in identifying candidate biomarkers and underly-
ing mechanisms in the research by Drs Veves and Niewczas 
laboratories.37,38 The Comprehensive Wound Center at Indi-
ana University Health (PI Dr Sashwati Roy) will test whether 

a low ratio of cysteine to cystine in wound fluid, as an indica-
tor of tissue redox perturbation, will predict nonhealing of a 
DFU in 12 weeks.

Future DFC Activities

In the future, the DFC plans to leverage its infrastructure to 
expand its research scope beyond the validation of DFU bio-
markers to address significant challenges in DFU research 
(Figure 3).

“No DFU Patient Goes Unstudied”—A Model to 
Solve the Critical Challenges of Eligibility Criteria 
and Recruitment in DFU Research

Execution of high-quality clinical trials for DFUs is difficult 
with recruitment,6 a well-recognized challenge of any clini-
cal study related to DFU, due, in part, to investigators with 
unrealistic enrollment expectations, DFU patients with vari-
able and complex comorbidities,39,40 and ulcers with hetero-
geneous biology and pathology.20,23,41 The DFC faced 
enrollment challenges during the implementation of the two 
biomarker studies, from the COVID-19 pandemic but also 
many patients are screened but few enroll. In an attempt to 
make accurate comparisons in more homogeneous popula-
tions, protocols often exclude the more complicated and 
high-risk patients. We have determined that these patients 
may hold the key to unlocking the etiologies of DFU pathol-
ogy and triggered the rise of the “No DFU Patient Goes 

Figure 3.  Current and future activities in the Diabetic Foot Consortium.
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Unstudied” concept, which is an opportunity to capture clini-
cal, outcome, biologic, and other data from the large number 
of patients excluded from enrollment in our initial biomarker 
studies. This concept will allow all willing patients with a 
DFU to participate in a platform model of protocols being 
performed by the DFC, regardless of their individual wound 
or patient characteristics. These protocols may include bio-
marker studies, longitudinal registries, patient-centered out-
comes, and others to maximize the data accrued from all 
DFU patients clinically seen at each of the CRUs.

The DFC plans to explore the use of artificial intelligence 
and advanced learning methods on the rich complex data on 
this broad population of participants. In addition to the clini-
cal data, the DFC can incorporate newly developed DFC bio-
marker discovery data and ‘omics data from biospecimens to 
analyze factors that are associated with good clinical out-
comes and develop a computational-based DFU risk factor 
profile. The DFC can take that knowledge to design scientifi-
cally sound clinical trials using master protocols in a plat-
form approach to simultaneously study multiple-target 
therapies or a single-target therapy in a precision-medicine 
approach that maximizes the enrollment of DFU patients. 
The goal is to take “No DFU Patient Goes Unstudied” to “A 
Study Protocol for Every DFU Patient.”

Social Determinants of Health and Their Effect 
on DFU Healing and Recurrence

Patients who suffer from a DFU face numerous social, 
emotional, and instrumental challenges to achieve DFU 
healing. While it is known that the risks of DFU and associ-
ated limb amputation increase with age, tobacco use, vas-
cular disease, peripheral neuropathy, and duration of 
diabetes, the extent to which social and environmental con-
textual factors (“SDH”) present at the individual level are 
determinants of either failure to heal or recurrence of a pre-
viously healed DFU is not known. This represents a signifi-
cant gap in knowledge, with implications for our 
understanding of (1) the prevention of DFUs, (2) risk strati-
fication of DFUs, (3) intervention strategies to promote 
healing, and (4) interventions to prevent recurrence and, 
ultimately, amputation. Insofar, as the prevalence of type 2 
diabetes and its complications are much greater among cer-
tain racial and ethnic subgroups in the United States 
(African American, Hispanic, American Indian, and spe-
cific Asian subgroups), determining the extent to which dif-
ferential DFU outcomes by race and ethnicity can be 
explained by SDH represents a critical step in our efforts to 
reduce the “mega-disparities” observed.

The DFC will investigate the extent to which the four 
domains of food insecurity, housing instability, limited health 
literacy, and poor social support are associated with nonheal-
ing DFU or DFU recurrence. The DFC is well suited to begin 
work in this critical domain because of the extensive demo-
graphic, clinical, and quality-of-life data and biomarker 

measurements collected during the studies. Knowledge of 
the effect of SDH will aid the DFC in a comprehensive 
understanding of the healing or recurrence potential for each 
DFU patient.

Training and leadership opportunities for early-
stage investigators

Wound care is an emerging medical specialty that is not cur-
rently supported by a well-developed residency or fellow-
ship training program. The clinical treatment of complex 
wounds, such as DFUs, requires multidisciplinary collabora-
tion among surgeons, endocrinologists. dermatologists, 
infectious disease specialists, podiatrists, nurses, physical 
therapists, and social workers. There are more than 1000 
wound care centers, community-based and academic, in the 
United States that are administered by wound care manage-
ment companies.42 Despite this complexity, there are few 
formal training opportunities in either the clinical practice of 
wound care or the research underpinnings of the field. The 
DFC can provide an opportunity to bridge this gap and 
develop the next generation of both clinician-scientists and 
researchers to foster improvement in wound care.43 Currently, 
young clinicians and researchers are involved and participate 
in the clinical and organizational activities of the DFC. In the 
future, the DFC would like to expand these opportunities to 
include pilot research studies and a multidisciplinary training 
program.

Conclusion

The DFC is in its early stages as a national network for the 
clinical study of DFUs. Several biomarkers are currently 
being studied and more are in the planning phases. In addi-
tion, a pathway to support additional investigator-initiated, 
ancillary studies is in place. The DFC has the potential to 
change the clinical trial paradigm for DFU therapies through 
a holistic understanding of DFU patients and their wounds. 
Advances in diabetic wound healing will occur with align-
ment of interests of the many stakeholders in DFU care 
including patients, caregivers, clinicians, payors, pharma-
ceutical and device businesses, and regulatory agencies. The 
role of the DFC is to engage stakeholders (academic, com-
munity, and industry) to support high-quality clinical 
research that will aid this alignment of interests by producing 
scientifically sound results that inform clinical care, policy 
decisions, and therapy development.
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