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Introduction
Diabetes mellitus has become a global epidemic, with approximately 

422 million people affected worldwide, including 29 million people 
in the United States [1,2]. Foot ulcers are one of the main reasons for 
diabetes-related hospitalizations while creating an economic burden on 
the healthcare system and considerably impairing quality of life [3,4]. 
Approximately one-third of diabetes-related costs have been linked to the 
treatment of foot ulcers [5]. Patients with diabetes have up to a 25% lifetime 
risk of developing a diabetic foot ulcer (DFU) [6]. Currently, the standard 
of care (SOC) for initial treatment of DFUs is debridement, offloading, 
tight glycemic control and appropriate antimicrobial management and/or 
imaging when needed [7]. A meta-analysis of patients studied in controlled 
trials demonstrated, on average, healing rates of 31% at 20 weeks with SOC 
[8]. A substantial portion of these wounds will become infected over time, 
resulting in lower extremity minor and major amputation [9]. In cases 
where a wound fails to decrease in size by 50% within 4 weeks with SOC, 
advanced levels of care may be initiated to attempt to close the wound and 
limit these complications [10]. These may include topical platelet-derived 
growth factor (PDGF), hyperbaric oxygen therapy (HBOT), and cellular 
and/or tissue-based products (CTPs) [11-17]. 

Use of amnion/chorion-based skin substitutes that have been 
cryopreserved and contain viable cells have been shown to achieve full 
wound closure with less treatments and in less time [18]. Currently, the 
standard for cryopreservation of mesenchymal stem cells (MSCs) is done 
with dimethyl sulfoxide (DMSO), which is easily permeable and able to 
protect MSCs from cryo-injuries [19]. However, the use of dimethyl 
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sulfoxide (DMSO) in cryopreservation has been shown to have deleterious 
effects on the viability of cells and tissue [20-23]. Data from the European 
Cooperative Group for Bone Marrow Transplantation (EBMT) centers show 
roughly one in 70 transplants experience DMSO-related complications, 
with most cases being cardiovascular and respiratory in nature [24]. Even 
after rinsing, trace amounts of DMSO in the product remained a high 
risk to trigger adverse reactions in bone marrow transplant patients [25]. 
Additionally, DMSO has been suggested to be associated with abnormal 
gene expression and differentiation of MSCs in mice [18]. Therefore, there 
is a growing concern within the medical community to investigate and 
develop DMSO-free cryoprotectants.

This pilot study is being presented to investigate the effects of non-
DMSO viable umbilical cord graft (UCG) on DFUs. The product being 
studied is non-DMSO cryopreserved placental umbilical cord allograft that 
is recovered from healthy mothers who have undergone Cesarean-section 
delivery. It retains the natural properties of placental tissue including 
nutrient-rich growth factors, cytokines, endogenous cells, and Wharton’s 
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Jelly [26,27]. Placental tissue acts as an immune-privileged protective 
barrier during fetal development [26]. The non-DMSO UCG is applied 
as an anatomical barrier that helps provide mechanical protection while 
retaining endogenous growth factors (Figure 1) [26-28]. The proprietary 
process preserves the natural properties of placental umbilical cord 
tissue, maintaining inherent levels of key extracellular matrix molecules, 
including proteins, carbohydrates, growth factors, and cytokines. This 
investigation will evaluate the safety and efficacy of non-DMSO UCGs, as 
well as compare the study product to the outcomes of DMSO-preserved 
umbilical cord grafts, other human cells, tissues, and cellular and tissue-
based products (HCT/Ps) and standard-of-care treatments currently being 
used for the same condition.

Figure 1: Growth factors in Non-DMSO UCG.

Methods
This study was submitted and approved by the Advarra Institutional 

Review Board (#00045210). All patients were treated and assessed by the 
authors in an outpatient setting. Informed consent was obtained from all 
patients enrolled in the trial. The total length of the pilot study was 14 
weeks. Patients were selected to receive non-DMSO UCG as a treatment 
for their DFU, based on qualifications of the inclusion/exclusion criteria in 
Table 1. The DFU was assessed clinically, photographed, and measured via 
planimetric tracing at Screening Visit (Day 14 ± 3 days). A 2-week run in 
period was allotted, and all the wounds were treated with SOC alone. This 
included sharp surgical debridement (at screening, effectively Day 14), a 
saline-gel and gauze dressing which was changed daily by the patient, and 
offloading with a removable cast walking boot. At Treatment Visit (Day 0 
± 3 days), the wound was assessed again. If there was >30% improvement 
with SOC alone, the patient would not qualify for the study, as this would 
not be deemed difficult to heal, and not typically require use of an advanced 
biologic graft. If there was less than a 30% improvement in wound size, the 
patient qualified for application of non-DMSO UCG. The ulcer was prepared 
prior to application of non-DMSO UCG with sharp surgical debridement, 
until a healthy, bleeding wound bed was created. The non-DMSO UCG 
was thawed in accordance with manufacturing recommendations and 
secured to the wound as per the surgeon’s preference: sutures, staples, or 
a combination of these methods. Saline gel was applied to the outside of 
the graft to prevent moisture loss, and a non-adherent contact layer and 
multilayer compression bandage above the graft, which was left intact 
until the next follow up visit. Thereafter, weekly office assessments were 
made for a maximum of an additional 11 weeks (12 weeks in total). CAM 
boot compliance was assessed weekly via questionnaire. A diagram of the 
study progression is presented in Figure 2. If deemed appropriate by the 

investigator, additional applications of non-DMSO UCG were allowed to be 
applied at subsequent visits. The reapplication of non-DMSO UCG would 
follow the investigator’s clinical judgment, as would be if the patient was 
not enrolled in a study. Some limited examples/reasons for re-application 
are: improper graft adherence (slippage), seroma formation, stalled wound, 
or desire for enhanced tissue growth. At the end of a maximum of 12 study 
weeks, data on percentage complete closure and rate of closure will be 
compiled. As a secondary endpoint, a report on adverse events (AEs) and/
or serious adverse events (SAEs) for the duration of the study was also 
recorded. Patients were actively monitored during the trial for treatment 
related adverse events (e.g., infections, cellulitis, dermatitis, osteomyelitis, 
etc). All treatment related adverse events were documented in the subjects’ 
research record and classified based on the severity of the event (mild, 
moderate, severe, life threatening or death related to adverse event) and 
whether or not the event is, in the opinion of the treating Investigator, 
related to Non-DMSO UCG.

Inclusion criteria Exclusion criteria

1. 18 years of age or older 1. Suspected or confirmed signs of 
infection of the study ulcer/limb

2. Type I or II diabetes mellitus 2. Sensitivity to study material

3. Glycosylated hemoglobin 
(HbA1c)<12% within 3 months of 
Non-DMSO UCG application

3. Pregnancy

4. Adequate vascular perfusion 
of affected limb as determined by 
ankle-brachial index (0.9 or better)

4. Receiving medication/treatment 
known to affect wound healing 
within 30 days of treatment visit

5. Willing and able to maintain 
required off-loading of affected limb 
and perform necessary dressing 
changes

5. Excessive lymphedema that 
could interfere with wound healing

6. DFU is full thickness (Wagner 
Grade I or II)

6. Charcot foot with a bony 
deformity

7. DFU is >1 square centimeter and 
<12 square centimeter 7. Chopart’s amputation

8. Duration of DFU is at least 30 
days at the time of screening

8. History of bone cancer of the 
affected limb

9. Treatment with cellular/tissue-
based product or platelet-derived 
growth factor (PDGF) within 30 
days of treatment visit

10. HBOT within 3 days of 
treatment visit

11. Size of ulcer following 
debridement improved by greater 
than 30% during the Run-In Phase

Table 1: Inclusion-Exclusion Criteria.
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Figure 2: Summary of the study design.

Data analyses for this paper were generated using R software, version 
4.0.5 [29]. Continuous variables were summarized by mean, standard 
deviation, and range as appropriate. Normality was assessed using the 
Shapiro Wilk normality test. A paired t-test was used to assess the wound 
size difference over time post the graft application. Statistical significance 
was defined at the 5% (p ≤ .05) level.

Results
25 patients were screened for the trial from September 2020 to 

November 2020. Four patients failed screening due to sizes larger than 
12 cm2 and one patient was removed due to the improvement greater 
than 30% with SOC. Among the rest, one patient withdrew consent 
prior to application of the graft, and one patient was removed due to 
inability to offload with a CAM boot properly. The remaining three 
patients were removed for infection, with one of those patients requiring a 
transmetatarsal amputation. None of the adverse events were deemed to be 
directly linked to the tissue graft. Fifteen patients (20% female with n=3) 
completed the study. A summary of enrollment is presented in Figure 3.

Figure 3: Summary of enrollment. 

All patients had diabetic pedal ulcers. The wounds were planimetrically 
traced and photographed. They were analyzed using ImageJ (National 
Institutes of Health, Bethesda, MD, USA) for wound surface area over 
time by setting a scale based off a known object (i.e., ruler) in the image, 
and tracing the outer edges of the wound. The mean ulcer size of the 
eligible patients at the screening visit was 2.41 cm2 (SD=2.28 cm2). A 2 
week run in phase was performed, where SOC alone was used to manage 
the DFUs. With comparison to the mean ulcer size at screening versus the 
first treatment visit, there were no differences within the healed group, the 
non-healed group or the entire cohort respectively (healed, P=.53; non-
healed, P=.93; entire cohort, P=.58). The analysis after the run-in phase 
indicates that all the wounds studied in the trial were stalled wounds 
that would otherwise not likely heal with SOC. The distribution of the 
ulcer size at the screening and the first treatment visits can be visualized 
in Figure 4. In the post hoc analysis, there was a statistically significant 
difference of the mean ulcer size between the healed and the not-healed 
group at the screening visit and first treatment visit (Table 2). This logically 
implies that the larger wounds may take a longer time to close.

All (n=15) Healed (n=6) Not-Healed 
(n=9) P-value

Ulcer Size 
-Screening 
(mean cm2, 
SD)

2.41 ± 2.28 1.44 ± 1.15 3.05 ± 2.67 0.05

Ulcer Size 
-Visit 1 (mean 
cm2, SD)

2.44 ± 1.76 1.51 ± 1.14 3.06 ± 1.87 0.03

Table 2: Ulcer summary at the screening and the first visit (graft application).

Figure 4: Comparison of the ulcer size distribution three visits: screening visit, first 
treatment visit (graft application) and last treatment visit.

Of the 15 patients treated with Non-DMSO UCG, only one patient 
(1/15, 6.7%) was treated with a second application graft at Visit #9 due 
to a stalled wound. The remaining 14 patients were treated with one 
application of the umbilical tissue graft.

Complete ulcer closure within 12 weeks was observed in six patients 
(40.0%), assessed by the treating physicians based on the criteria outlined. 
In contrast, nine patients (60.0%) had ulcers which failed to close by Week 
12 of the trial. Of the nine patients whose ulcers did not close by week 12, 
eight patients (88.8%) had the ulcers closed 50% or greater by week 12, 
and five of those ulcers (55.5%) had closed 90% or greater by week 12. 
Among the entire cohort, fourteen patients (93.3%) had 50% or greater 
wound reduction by week 12, and eleven patients (73.3%) patients had 
90% or greater wound reduction by week 12. Figure 5 shows the ulcer size 
reduction by week 12. A clinical example is shown in Figures 6A-6F.
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Figure 5: Ulcer size reduction percentile by week-12=1- (Areafirst-visit-Arealast-visit)/Areafirst-

visit.

Figure 6: Example of Non-DMSO UCG application and healing continuum. This is 
a 31-year-old male with a right plantar lateral midfoot ulcer for 8 months. 6A) Post-
debridement 6B) Application of Non-DMSO UCG 6C) Visit 6 6D) Visit 8 6E) Visit 10 
6F) Visit 12 Closure.

Regarding the 50% closure by post graft application Week 4 criterion, 
ten patients had an ulcer size reduction greater than 50% (66.7%) and 
five patients (33.3%) had an ulcer size reduction less than 50% (Table 3). 
Among those patients with at least 50% ulcer size reduction at Week 4, 50% 
(n=5) of them were completely healed by Week 12. In comparison, among 
the five patients with less than 50% ulcer size reduction by Week 4, only 
one patient (25%) with the ulcer was healed within the same timeframe. 
However, the patients who had a 50% reduction in ulcer size by 4 weeks 
did not have a statistically significant greater proportion of ulcers healed 

at 12 weeks (P=.58).

 Healed by Week-12 Not-Healed by Week-12
Week-4 decreased by 
50%                     5 5

Week-4 not decreased 
by 50% 1 4

Table 3: Ulcer size reduction by 50% at Week 4 and healing status at Week 12.

For patients whose ulcer healed within the study period, the mean 
time to wound closure was 8.8 weeks (range, 4–12 weeks). The effective 
mean weekly healing rate was 13.6%, 5.0%, and 8.6% for patients whose 
ulcers healed, not-healed and the entire cohort, respectively. The difference 
in mean percent healing rates between patients whose ulcers healed and 
did not heal was significant (P=.001). The mean absolute weekly reduction 
in ulcer size was 0.17 cm2, 0.18 cm2, and 0.18 cm2 for the healed, not 
healed, and entire cohort groups, respectively. There were no significant 
differences in absolute healing rates. Weekly mean ulcer size for ulcers for 
the entire cohort, and those who healed and did not heal within 12 weeks 
are presented in Figure 7. 

Figure 7: Tracking of the mean ulcer size at different visitations. Green color indicates 
weekly mean ulcer size of the entire cohort; orange color indicates weekly mean ulcer 
size of the healed group; grey color indicates weekly mean ulcer size of the not-healed 
group.

A Kaplan Meier analysis is presented in Figure 8 showing the 
proportion of healed ulcers at treatment and at each post graft application 
visit interval with orange shading showing 95% confidence intervals. This 
analysis reveals a 7% healed rate at week 4 and 40% healed rate at week 12.

Figure 8: Kaplan-Meier curve showing cumulative incidence of the healed wound post 
the graft-application.

Discussion
SOC has been shown to result in an average of 31% DFUs healing 

in a meta-analysis of controlled trials in weeks [8]. The initial 4 weeks 
of DFU care have significant predictive value, in that if the percentage 
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area reduction (PAR) is greater than 50%, the wound has a 60% chance of 
healing in 12 weeks [10]. Conversely, if the PAR is less than 50% in 4 weeks, 
the wound has a 10% chance of healing in 12 weeks. It is imperative for 
DFUs to heal before infection develops, which may lead to lower extremity 
amputation [30]. A number of advanced treatment modalities have been 
shown to augment and accelerate healing rates in DFUs. Weiman et al. 
showed that topically applied recombinant human platelet derived growth 
factor (rh-PDGF-BB) significantly increased the incidence of complete 
wound closure by 43% and decrease the time to achieve complete wound 
closure by 32% as compared with placebo controlled gel [31]. Veves et al. 
demonstrated 56% complete DFU closure at 12 weeks with Apligraf as 
compared with 38% in the control group [32]. Marston et al. studied the 
effects of Dermagraft on DFUs and reported 30% complete wound closure 
by week 12 as compared with 18.3% of control patients [33]. Driver et 
al. studied the effects of Integra Dermal Regeneration Template (IDRT) 
on DFUs and found that complete DFU closure during the treatment 
phase was significantly greater with IDRT (51%) than control (32%) 
[15]. Additionally, the rate of wound size reduction was 7.2% per week 
for IDRT subjects vs. 4.8% per week for control subjects. The benefits of 
using human placental tissues in covering non-healing wounds are now 
well documented [34,35]. Optimally preserved placental membranes are 
of particular interest as they contain a combination of growth factors and 
extracellular matrices as well as viable mesenchymal stem cells (MSCs), 
fibroblasts, and epithelial cells [36-39]. There are limited, prospective 
studies on closure and healing rates of cryopreserved umbilical cord graft 
for slow to heal diabetic foot ulcers [40]. 

In an open label multi-center trial, Marston et al. studied cryopreserved 
human umbilical cord in the treatment of complex diabetic foot ulcers 
complicated by osteomyelitis and demonstrated 50% closure (16/32 
patients) in a 16 week study period [41]. In a single center retrospective 
study, 12 out of 21 wounds (57.1%) achieved closure at 12 weeks [42]. In 
our study, 40% (6/15) of ulcers had complete closure at 12 weeks. Of the 
patients whose ulcers did not close by week 12 (9/15 patients, 60%), eight 
patients had a 50% or greater improvement or by week 12 (88.8%), and 
five of those ulcers (55.5%) had a closure rate 90% or greater by week 12. 
Among the entire cohort, fourteen patients (93.3%) had 50% or greater 
wound reduction by Week 12, and eleven patients (73.3%) patients had 
90% or greater wound reduction by Week 12. No significant adverse events 
were determined to be related to non-DMSO UCG.

The study was limited by enrollment, as there was a drop off rate of 
40%, which is slightly high for this type of study. Additionally, this was 
an open label, non-blinded multi-center study with no active control 
group, and we used historical data as a comparator. In the future, a larger 
study enrollment with a control group can be employed to further study 
this problematic population. Additionally, a head to head comparison of 
DMSO vs. Non-DMSO UCGs would be helpful to validate superiority and 
effectiveness.

Conclusion
In the cryopreservation of cells, dimethyl sulfoxide has been widely 

used as a cryoprotectant. However, it has been shown that DMSO has toxic 
side effects to the human body, and non-DMSO cryopreservation has been 
investigated more intensely. The pilot study being presented here studied 
the effects of non-dimethyl sulfoxide (non-DMSO) viable umbilical cord 
graft on DFUs. 25 patients were screened for the study, with 15 patients 
completing the trial. 6/15 (40%) had complete closure prior to or at 
the study endpoint. This compares well with other cellular/tissue based 
products available. Among the entire cohort, fourteen patients (93.3%) 
had 50% or greater wound reduction by Week 12, and eleven patients 
(73.3%) patients had 90% or greater wound reduction by Week 12. No 

significant adverse events were determined to be related to non-DMSO 
UCG. Further studies need to be designed to compare DMSO vs. Non-
DMSO UCG effectiveness in slow to heal DFUs. However, based on our 
findings, non-DMSO viable umbilical cord graft is an effective way to treat 
challenging DFUs.
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