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Abstract

To evaluate continuous diffusion of oxygen therapy (CDO) on cytokines, perfu-

sion, and bacterial load in diabetic foot ulcers we evaluated 23 patients for

3 weeks. Tissues biopsies were obtained at each visit to evaluate cytokines and

quantitative bacterial cultures. Perfusion was measured with hyperspectral

imaging and transcutaneous oxygen. We used paired T tests to compare con-

tinuous variables and independent T tests to compare healers and nonhealers.

There was an increase from baseline to week 1 in TGF-β (P = .008), TNF-α
(P = .014), VEGF (P = .008), PDGF (P = .087), and IGF-1 (P = .058); baseline

to week 2 in TGF-β (P = .010), VEGF (P = .051), and IL-6 (P = .031); and base-

line to week 3 with TGF-β (P = .055) and IL-6 (P = .054). There was a signifi-

cant increase in transcutaneous oxygen after 1 week of treatment on both

medial and lateral foot (P = .086 and .025). Fifty-three percent of the patients

had at least a 50% wound area reduction (healers). At baseline, there were no

differences in cytokines between healers and nonhealers. However, there was

an increase in CXCL8 after 1 week of treatment (P = .080) and IL-6 after

3 weeks of treatment in nonhealers (P = .099). There were no differences in

quantitative cultures in healers and nonhealers.
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1 | INTRODUCTION

Foot ulcers are one of the most common underlying com-
ponent causes of lower extremity infections and amputa-
tions in people with diabetes.1 Approximately 6% to 10%
of people with diabetes will develop a foot ulcer each
year.2 Foot infections are distinctly uncommon when

there is not a wound. The break in the skin (cutaneous
barrier) provides a portal for bacterial pathogens to enter
the foot and proliferate. Up to 60% of DFUs will develop
foot infections during the course of treatment. In patients
with faster healing times (thus shorter periods of expo-
sure to bacteria), the risk of infection can be cut in half.3

This effectively interrupts one of the most common
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factors in the pathway to diabetes-related lower extremity
amputations.

One of the unmet needs in the treatment of DFUs is
improved oxygen delivery to the wound. Oxygen (O2)
plays an important role in nearly every step of the wound
healing process.4 O2 is crucial for collagen synthesis, cell
proliferation, antimicrobial activities, tissue repair, differ-
entiation of fibroblasts, and angiogenesis.5-7 O2 exposure
has been shown to upregulate vascular endothelial
growth factor (VEGF), and through formation of reactive
oxygen species (ROS), act as a signalling molecule for
other cytokines and growth factors such as transforming
growth factor-β (TGF-β), tumour necrosis factor-α
(TNF-α), platelet derived growth factor (PDGF), insulin-
like growth factor-β (IGF-1β), and interleukin-8 (IL-8).7

Specifically, O2-derived H2O2 is known to signal PDGF,
regulating cell growth and division.8-12

There are two clinically tested methods for deliv-
ery of oxygen to a wound. Hyperbaric Oxygen
Therapy (HBOT) and topical oxygen therapy
(TOT) and a continuous form of topical oxygen
therapy termed Continuous Diffusion of Oxygen
(CDO).6 HBOT requires a hyperbaric oxygen
chamber and the patient must travel to clinic for
treatment every day.13 In contrast, topical oxy-
gen technologies do not involve high atmo-
spheric pressure and are not a form of systemic
treatment. Traditional topical oxygen therapy is
applied intermittently, similar to HBOT for
90 minutes therapy time per day. A newer form
of topical oxygen therapy in which oxygen is
delivered continuously through a dressing, CDO
therapy, is the form investigated here. Topical
oxygen equipment is relatively inexpensive com-
pared with HBOT, and treatment can be pro-
vided at home. Several clinical trials report
increased rates of healing and decreased time to
heal in patients with DFUs.14-17 The primary
purpose of this project was to evaluate the effec-
tiveness of continuous diffusion of oxygen ther-
apy (CDO) on cutaneous circulation, with
secondary outcomes measures of change in
growth factors and inflammatory cytokines,
quantitative bacterial cultures, and wound
healing in patients with DFUs in order to better
understand the mechanism of action.

2 | MATERIALS AND METHODS

This study was approved by the University of Texas
Southwestern Medical Center Institution Review Board

(STU 012015–051) and reported in clinicaltrials.gov
(NCT02501538). This was a prospective cohort study of
23 patients treated with Continuous Diffusion of Oxygen
Treatment (TransCu O2, EO2 Concepts, San Antonio,
Texas). The device is a thin rectangular box measuring
5.5 × 3.0 in. that is lightweight (9 oz), silent, and
rechargeable. It is worn on the patient's hip and allows
for normal ambulation. It generates continuous moist O2

from room air and provides a flow rate and pressure
monitor to ensure constant O2 through a plastic cannula
connected to a wound dressing (OxySpur, EO2 Concepts,
San Antonio, Texas). The contact layer of the dressing is
two layers of hydrophilic foam which allows O2 delivery
through perforations in the cannula. The dressing fully
covered the wounds and affixed to the skin with a hydro-
colloid border.18

The study population was comprised of patients who
were treated in clinics with diabetic foot ulcers. Study
inclusion criteria were age 18 to 89, with a diagnosis of
diabetes mellitus based on ADA criteria19 with a full
thickness ulcer below the ankle. The study excluded
patients with end-stage renal disease (ESRD), HIV, hepa-
titis, autoimmune diseases, systemic lupus erythematous
(SLE), Raynaud's disease, Ankle-Brachial Index (ABI)
< 0.4, and patients unable or unwilling to provide
informed consent.

After we obtained informed consent, study subjects
all received treatment with continuous topical oxygen
therapy. As part of standard wound therapy, ulcers were
surgically debrided at every visit, and patients were
offloaded with either a boot (DH Offloading Walker,
Össur, Reykjavík, Iceland) or a healing sandal (Med-Surg
Post-Operative Shoe, Darco, Huntington, WV) based on
the ulcer location and the postural stability or fall risk of
the subject. We evaluated patients in clinic every 7 days
for a total of 21 days. Data collected during the study
included the following: demographics, comorbidities,

Key Messages

• After application of CDO therapy, tissue levels
of TGF-β, TNF-α, VEGF, PDGF, and IGF-1
were all significantly increased.

• 53% of patients had at least a 50% wound area
reduction in the 3 weeks of treatment.

• There were no differences in quantitative bac-
terial cultures or cytokines between the healer
group and the nonhealer group.
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history of drug, alcohol, tobacco use, wound location and
aetiology, and wound duration. We evaluated sensory
neuropathy with a 10-g Semmes Weinstein monofilament
and Vibration Perception Threshold Testing (VPT)
(Vibration Perception Threshold Meter, Xilas Medical
Inc., San Antonio, Texas) at the great toe and medial
malleolus. We defined sensory neuropathy as either
VPT > 25 or any site missed with 10 g monofilament. We
evaluated perfusion with Ankle Brachial Indices (ABI)
from the dorsalis pedis and posterior tibial arteries in the
treated foot. We used the lowest systolic pressure to
define ABI. In addition, we used hyperspectral imaging
(HyperView, Hypermed, Memphis, TN) and transcutane-
ous oxygen measurements (TCOM) (PeriFlux 5000, Per-
imed, Järfälla, Sweden) to evaluate perfusion. Wound
size was evaluated using a 3D measurement device
(inSight, eKare, Fairfax, VA), and percent wound area
reduction (PWAR) was calculated as the percent change
from baseline. We used a 50% wound area reduction as a
surrogate marker for healing with healing being defined
as complete epithelialisation with no drainage.

We obtained tissue biopsy at each visit to evaluate
cytokines and quantitative bacterial cultures. Specimens
were snap frozen immediately at −80�C until RNA
extraction. We used a regional reference lab for quantita-
tive polymerase chain reaction (qPCR). Their procedures
have been previously cited (Pathogenius Laboratories,
Lubbock, TX).

The expression of human genes was analysed as
described previously with modification.20 Briefly, total
RNA was extracted using microRNeasy kit (Qiagen,
Hilden, Germany) and treated with DNase-I (Ambion,
Invitrogen, Carlsbad, CA). cDNA synthesis was per-
formed using 1 μL of total RNA volume iScript Reverse
Transcription Supermix according to manufacturer

protocol (Bio-Rad, Hercules, CA). Quantitative real-time
PCR was performed using Taqman primers and a PRISM
7900HT Sequence Detection System (Applied Biosystems,
Foster City, CA). Aliquots of amplified cDNA were used
for each reaction and were run in triplicate. Each gene
was normalised to the expression of the housekeeping
genes human ActinB. Gene expression was calculated
according to the 2–ΔΔCt method, as described by the man-
ufacturer (Applied Biosystems).

We summarised study variables as median, means,
and standard deviations (SD) for continuous variables
and proportions or percentages for categorical variables.
We used paired T tests for comparison to baseline values
in continuous variables and independent t tests to com-
pare groups at time points. (SPSS, IBM, Chicago). For cat-
egorical variables, we used Chi square and Fisher's exact
test to compare the proportion of outcomes. Because this
was an exploratory, pilot study we used an alpha of 0.10.

3 | RESULTS

During the 3-week evaluation, there was a significant dif-
ference in transcutaneous oxygen measurement from
baseline after 1 week of treatment on both the medial
and lateral foot (mean ± SD, 53.91 ± 13.97, P = .086 and
57.81 ± 13.59, P = .025, respectively) but no significant
differences after 2 and 3 weeks of treatment (medial
P = .121 and .497 and lateral P = .232 and .559). Shown
in Figure 1. There was a single point of significance in
the hyperspectral imaging; dorsal oxyhaemoglobin con-
centration was increased after 1 week of treatment
(64.50 ± 33.94, P = .006). No differences were seen in the
dorsal deoxyhaemoglobin, plantar oxyhaemoglobin, or
plantar deoxyhaemoglobin (Figure 2).

FIGURE 1 Transcutaneous oxygen

measurements of medial and lateral foot at each

visit. The asterisk indicates significance

difference between baseline and 1 week of

treatment
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After the initiation of therapy, there were significant
changes in several cytokines or growth factors. There
was a significant increase in TGF-β (mean = 10.42,
SEM = 3.05, P = .008), TNF-α (8.17 ± 2.26, P = .014)
and VEGF (5.85 ± 1.40, P = .008), PDGF (3.92 ± 1.31,
P = .087), and IGF-1 (19.91 ± 9.10, P = .058) after 1
week of therapy. There was a significant increase in

TGF-β (4.65 ± 1.22, P = .010), VEGF (4.35 ± 1.42,
P = .051), and IL-6 (18.24 ± 6.48, P = .031) compared
with baseline after 2 weeks, and an increase in TGF-β
(3.96 ± 1.26, P = .055) and IL-6 (9.12 ± 2.53, P = .54)
after 3 weeks (Figure 3). There were no significant dif-
ferences in quantitative cultures when baseline was
compared with topical oxygen therapy after 1, 2, and

FIGURE 2 Above: Hyperspectral

images of oxyhemoglobin and

deoxyhaemoglobin concentrations.

Below: Hyperspectral measurements

over four visits. There were no

significant differences

FIGURE 3 Cytokines and

growth factors at each visit.

Asterisks indicate significant

increase from baseline
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3 weeks of therapy. During the study, 13% of patients
healed and 53% of subjects had at least a 50% wound
area reduction.

A post-hoc analysis was performed to compare
healers and nonhealers. Healers were defined as patients
with a 50% wound area reduction at the end of the study.
In this analysis, there were no differences in sex, age,
BMI, foot ulcer history, length of diabetes, and wound
area (Table 1). Percent wound area reduction over time is
shown in Figure 4 for healers and nonhealers. The
healers had a 59.91% reduction in wound area at 3 weeks
post treatment, and the nonhealer group's average PWAR
increased by 11.21% by 3 weeks post treatment
(P = .007). At baseline, there were no differences in any
cytokines when healers and nonhealers were compared.
However, after initiating therapy, there was a significant
increase in CXCL8 after 1 week of treatment (P = .080)
and a significant increase in IL6 after 3 weeks of treat-
ment in nonhealers (P = .099, Figures 5 and 6). There
was a significant increase between healers and non-
healers on the medial transcutaneous oxygen measure-
ment after 3 weeks of treatment (P = .054). There were
no differences in perfusion measured with hyperspectral
imaging or quantitative bacterial cultures at any time
point when comparing healers and nonhealers
(Figure 7).

4 | DISCUSSION

Improved O2 delivery to the wound has been a great
challenge for the management of DFUs as O2 plays a
vital role throughout the wound healing process
including collagen synthesis, cell proliferation, cell dif-
ferentiation, and neovascularisation, along with limit-
ing bacterial infection.5-7,21 Previous studies suggest
that O2 delivery to the chronic wound can be achieved
by exposure to hyperbaric oxygen therapy with modest
improvements.22,23 Here we evaluated an alternative
O2 therapy that provides continuous diffusion of oxy-
gen (CDO) in a home setting. The results of this study
demonstrate a significant increase in tissue cytokines
after the application of CDO in healers compared with
nonhealers. However, this therapy did not improve
bioburden.

Several authors have identified significant differences
in cytokines in diabetic foot ulcers among healers and
nonhealers that receive standard wound care.24-26 In our
study, there was no difference in cytokines in people that
responded to therapy and those that did not respond at
baseline, but after initiation of therapy, there was an
increase in two cytokines, CXCL8 and IL-6 in nonhealers
after 1 and 3 weeks of therapy. There are only a few

studies in humans that demonstrate a change in cyto-
kines associated with oxygen therapies. Gordillo and col-
leagues evaluated 32 patients treated with HBOT and
25 treated with topical oxygen therapy. They identified a
significant increase in VEGF in patients treated with top-
ical oxygen therapy and no changes with HBOT.9 Driver
and colleagues evaluated a transdermal continuous topi-
cal oxygen device in an RCT to treat DFUs. They reported
significant changes in IL-6 and IL-8, matrix
metalloproteinase-1 (MMP-1), MMP-2, MMP-3, and tis-
sue inhibitor of matrix metalloproteinase (TIMP-1) after
2 and 4 weeks of therapy.27

We hypothesised that topical oxygen therapy would
affect cutaneous perfusion and bioburden, because other
therapies have reported changes in both factors. For
instance, there are several studies in humans that show
significant improvement in perfusion with treatment
modalities such as electrical stimulation28 and HBOT.29,30

The improvement in both TCOM and hyperspectral
imaging were expected to be part of the mechanism of
action of therapy. There is some debate about the validity
of hyperspectral imaging for predicting ulcer healing. In
a study of 43 patients with diabetes who were imaged
once at the beginning of treatment, Jeffcoate et al found
a negative correlation between oxygenated haemoglobin
and wound healing at 12 weeks.31 Nouvong and col-
leagues performed hyperspectral imaging on 66 patients
11 times over 24 weeks, showing significantly more
patients healed who had higher oxygenated haemoglobin
at the border of their ulcers with sensitivity 80% and spec-
ificity 74%.32

Treatments such as iodine paste,33 silver dressings,34

and maggot therapy35 have been reported to reduce
bioburden in wounds. However, we did not identify any
changes in quantitative bacterial cultures during the
course of therapy with topical oxygen therapy or in
healers and nonhealers in this study. Other authors have
reported a change in the microbiome with continuous
topical oxygen.36 It is important to note, that reduction of
quantitative bacterial cultures has not clearly been associ-
ated with DFU healing. And while bioburden reduction
is the focus of many therapies, there is little clinical evi-
dence that therapies such as silver dressings reduce the
clinical risk of infection or improve the proportion of
DFUs that heal.37,38 Gardner and colleagues evaluated a
cohort of patients with DFUs that received serial debride-
ment and offloading in a total contact cast. A very high
proportion of ulcers healed (84%). In the regression anal-
ysis, quantitative bacterial cultures with RNA sequencing
was not associated with healing.39 Like Gardner, we did
not identify any differences in quantitative bacterial cul-
tures in healers and nonhealers at any time point of the
study (Figure 7).
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TABLE 1 Patient demographics, comorbidities, and past medical history

Healers, N = 12 Nonhealers, N = 11 P value

Male 8 (66.7) 7 (63.6) .88

Age 58.5, 58.2 (9.4) 58.0, 54.1 (10.8) .3

BMI (kg/m3) 33.0, 34.80 (10.6) 36.20, 36.49 (8.37) .70

Race

Caucasian 7 (58.3) 4 (36.4) .29

African American 2 (16.7) 3 (27.3) .54

Hispanic 3 (25.0) 4 (36.4) .55

Substance use history

Tobacco 4 (33.3) 3 (27.3) .75

Alcohol 1 (8.3) 4 (36.4) .10

Offloading

Boot 9 (75.0) 7 (63.6) .55

Shoe 3 (25.0) 4 (36.4) .55

Foot ulcer history 8 (66.7) 5 (45.5) .31

Amputation history 8 (66.7) 7 (63.6) .88

Type II diabetes 11 (92.0) 11 (100) 1.0

Diabetes duration (years) 13.5, 13.5 (8.4) 15.5, 14.8 (8.8) .73

Coronary artery disease 3 (25.0) 0 (0) .22

Congestive heart failure 1 (8.3) 0 (0) 1.0

Retinopathy 3 (25.0) 0 (0) 1.0

Chronic kidney disease 4 (33.3) 3 (27.3) .75

Index wound area (cm2) 4.8, 5.2 (4.0) 1.8, 3.8 (4.3) .44

Glycated haemoglobin (%) 8.1, 8.2 (2.6) 10.9, 9.7 (3.3) .32

Albumin (g/dL) 3.9, 3.8 (0.5) 3.6, 3.6 (0.6) .40

Sensory neuropathy

Abnormal 10-g monofilament 11 (91.7) 8 (72.7) .23

Vibration perception forefoot (volt) 70.7, 65.4 (33.2) 50.5, 50.8 (31.9) .31

Vibration perception ankle (volt) 36.5, 47.1 (23.0) 42.2, 43.7 (21.3) .73

Ankle brachial index 1.2, 1.3 (0.2) 1.1, 1.1 (0.3) .06

Hyperspectral imaging

Dorsal oxygenated haemoglobin 59.5, 63.6 (38.7) 62.0, 61.7 (30.3) .91

Dorsal deoxygenated haemoglobin 59.0, 58.8 (27.5) 65.0, 77.1 (42.2) .23

Dorsal oxygen saturation 49.0, 49.7 (21.1) 52.0, 43.5 (15.4) .44

Dorsal area 559.5, 500.3 (182.1) 562.0, 688.7 (474.5) .22

Plantar oxygenated haemoglobin 83.5, 76.3 (16.8) 77.0, 77.5 (19.6) .88

Plantar deoxygenated haemoglobin 48.0, 55.7 (23.5) 58.0, 58.3 (12.3) .75

Plantar oxygen saturation 60.0, 58.4 (9.0) 57.0, 56.7 (3.7) .57

Plantar area 612.0, 569.3 (169.4) 683.0, 720.0 (285.0) .13

Skin perfusion pressures (mmHg)

Medial foot 55.1, 53.3 (14.9) 54.5, 53.6 (13.2) .96

Lateral foot 53.0, 55.2 (12.0) 62.3, 59.3 (15.5) .48

Note: Dichotomous variables are presented as N (%). Continuous variables are presented as median, mean (SD).
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Due to the short timeframe of this study, we used 50%
wound area reduction as a surrogate marker for healing
as described by Margolis et al.40 Fifty three percent of
patients had at least a 50% wound area reduction over
3 weeks of therapy. This compares favourably to the
results of randomised clinical studies of various modali-
ties to treat diabetic foot ulcers.41,42 There are a number
of studies that evaluate various devices and approaches
to deliver topical oxygen therapy to patients with diabetic
foot ulcers.14,16,17 Niederauer and colleagues evaluated
the devices used in our study in a multicentre
randomised clinical trial (RCT). They reported that

patients treated with continuous topical oxygen therapy
had a significantly higher proportion of healed ulcers
compared with patients that received standard wound
care (32.4% versus 16.7%).14 In addition, there are several
successful RCTs that use other applications of intermit-
tent and continuous topical oxygen therapy to heal
DFUs.16,17

There are several limitations of this study. This was a
small prospective cohort study with only 23 patients and
no control arm. The duration of the study was only
3 weeks. We, therefore, relied on surrogate markers for
wound healing and only had four time points to evaluate

FIGURE 4 Percent wound area reduction

per visit with SEM error bars. There was no

significant difference in wound size between

groups at initiation of study

FIGURE 5 Gene expression of growth factors. There was no significant difference between healers and nonhealers at any time point
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and compare changes in cytokines, perfusion, and
bioburden. Because this was an exploratory study, we
were only able to evaluate a limited number of cytokines.
In addition, we did not measure the duration of ther-
apy in minutes or hours. The device is intended to be
used continuously; however, there were inevitably
times the device came off while the patient was
sleeping or during the day, and because all of our
study subjects had severe diabetic sensory neuropathy,
the problem was often not identified immediately. Our
results should not be generalised to other products or
approaches that deliver topical oxygen or other types
of wounds.43 The device used in this study delivered
continuous topical oxygen. There are several products
that provide intermittent topical oxygen therapy, usu-
ally once a day. The duration of some therapies is rela-
tively short, and all the topical oxygen therapy devices
use different doses. A large RCT that evaluates
changes in wound area reduction and cytokines in
active and sham treatment groups would give us better
insights about the effect of continuous topical oxygen
on and timing and the expression of cytokines.

In conclusion, the study evaluated a novel application of
topical oxygen therapy that has had a successful randomised
clinical trial in patients with diabetic foot ulcers. Growth fac-
tors, cytokines, and perfusion were elevated following

therapy, similar to HBOT, although there was no difference
in quantitative bacterial cultures More studies with larger
patient population are required to demonstrate the effective-
ness of this therapy in chronic wound healing, and its poten-
tial to be used as an alternative to HBOT.
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