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B Abstract

BACKGROUND: Individuals with diabetes may develop
diabetic foot ulcers due to diabetic peripheral neuropathy.
Multiple factors influence the ulcer healing process; oxygen
helps in facilitating the different stages of wound healing.
OBJECTIVE: The objective of this systematic review was to
analyze the different levels of evidence available in the appli-
cation of topical oxygen therapy, warm oxygen therapy, or
other modes of topical oxygen delivery in the healing dy-
namics of diabetic foot ulcers. METHODS: Databases
searched included Pubmed/Medline, Science Direct, Web
of Science, Scopus, Cochrane, and CINAHL. The eligibility
criteria of studies included participants >18 years with
chronic non-healing diabetic foot ulcer (duration >3 months)
receiving warm oxygen or topical oxygen therapy (TOT),

and other modes of topical oxygen administration, which
were compared with standard care group. Randomized and
non-randomized studies were included. The primary out-
come measure assessed was the rate of wound healing or
wound closure. RESULTS: The review included 5 studies
which used different modes of topical oxygen administra-
tion. The healing trajectory of the wounds was completely
achieved in low-grade ulcers (grade 1), whereas all high-
grade ulcers (grades 2, 3, and above) showed either 100% or
50% healing with a reduction in ulcer size and ulcer tissue
depth. CONCLUSION: Topical oxygen therapy facilitates
wound healing dynamics among individuals with chronic
diabetic foot ulcers.

Keywords: diabetic foot ulcer - topical oxygen therapy -
topical warm oxygen therapy - wound healing

1. Introduction

Sy

iabetes mellitus is a metabolic disorder asso-
ciated with a cascade of complications, in-
ol cluding the diabetic foot [1] characterized by
infection, damage to foot tissue, and development
of diabetic foot ulcer (DFU) due to diabetic periph-
eral neuropathy [2]. The prevalence of DFU in type
2 diabetes is 6.4% globally, with 5.5% in Asia [3],
6.38% in South India [4], and 14.30% in North In-
dia [5]. The growing burden of DFU increases the
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risk for lower extremity amputations [6, 7]. Many
surgical and non-surgical strategies aiming to curb
this problem include wound debridement, skin
grafting, revascularization, frequent dressing of
the wound site, and ultimately amputation in very
severe cases. Increasing awareness of foot care
among people with type 2 diabetes can improve
their overall health-related quality of life [8].
Adoption of safe and simple strategies to in-
crease the acceptance of treatment choices for peo-
ple with DFU brings our focus to the primary fac-
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Abbreviations:

DFU diabetic foot ulcer

HBOT hyperbaric oxygen therapy

IL interleukin

MMP matrix metalloproteinase

TcPO2 transcutaneous oxygen tension

TCOT transdermal continuous oxygen therapy
TIMP tissue inhibitors of metalloproteinase
TNF-o tumor necrosis factor alpha

TOT topical oxygen therapy
TWO2 topical wound oxygen therapy

tor responsible for enhancing the wound healing
process, which is oxygen. The administration of
oxygen through oxygen therapy is gaining im-
mense interest and popularity. Evidence on the
role of hyperbaric oxygen therapy (HBOT) in
wound healing has shown benefits, but it is associ-
ated with high treatment costs and the complica-
tions of oxygen toxicity and barotrauma [9]. Topi-
cal oxygen therapy (TOT) and other modes of topi-
cal administration are minimally associated with
complications.

The non-invasive application of topical oxygen
directly to the wound site bypasses the oxygen
transport system, thus creating an oxygen-rich
wound bed environment with improved pH levels,
which helps to cure infection. TOT may enhance
the quality of wound healing, thereby improving
the rate of wound closure, which may thus become
an adjunct in the management of chronic non-
healing diabetic foot ulcers [10]. The objective of
this systematic review is to focus on different lev-
els of evidence available in the application of topi-
cal oxygen therapy, warm oxygen therapy, and
other modes of topical oxygen delivery in the heal-
ing dynamics of diabetic foot ulcers.

2. Materials and methods

The procedure for the systematic review was
conducted and reported in accordance with the
Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) checklist [11] and
registered under PROSPERO with application ID
number 150502.

2.1 Search strategy

The systematic electronic search was conducted
in the following databases: Pubmed/Medline, Sci-
ence Direct, Web of Science, Scopus, Cochrane, and
CINAHL. The following keywords were used:
“wound healing”, "oxygen therapy”, “foot ulcer”
with Boolean operators “AND” and “OR”, dating
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from the inception period until 30" August 2019,
with a filter on English language and human stud-
ies.

2.2 Inclusion and exclusion criteria

The criteria for studies to be included in this
systematic review comprised:

- Participants aged >18 years.

- History of chronic non-healing diabetic foot
ulcers (i.e. duration of more than 3 months).

- Intervention: topical warm therapy, topical
oxygen therapy (TOT), or other modes of
topical oxygen administration.

- Comparison of treatment groups with stan-
dard care group who received either no care
or basic wound dressing as a treatment.

The primary outcome measure assessed was
the rate of wound healing or wound closure, along
with the effect of oxygen in the healing dynamics
of diabetic foot ulcers. This systematic review in-
cluded:

2 randomized controlled trials
- 1clinical trial

- 1 case-control study

- 1 case series, i.e. case report

Preclinical and in-vitro studies with ulcers
forming in other areas of the body such as the el-
bow, sacrum, malleoli, shoulder, and the occiput
region or pressure ulcers of unknown etiology were
excluded. Data in the form of presentations or con-
ference materials were also excluded from the re-
view.

2.3 Data extraction

The authors MN, GAM, and GK systematically
screened studies individually, based on title and
abstract in all databases mentioned. Eligibility
was assessed independently by MN, GAM, and GK
for all studies identified that met the inclusion cri-
teria. Any difference in opinion about the selected
studies was mutually resolved between the au-
thors, and finally, 5 studies were selected for this
systematic review. We did not find any study that
used topical warm oxygen therapy. Therefore, this
systematic review discusses studies that included
only topical oxygen therapy and its different
modes of administration. A customized data ex-
traction form was used which included details of
study participant characteristics, study design,
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Table 1. Characteristics of the studies included in the review

Reference Year Level of evi- Study design NIH quality assessment tool Score
dence* for
Hayes et al. [14] 2017 Level I1-1 Pilot study Pre-post study without a control Good
group
Yu et al. [15] 2016 Level | Randomized controlled Controlled intervention study Good
Sano et al. [16] 2015 Level 111 Case report Case series study Fair
Driver et al. [17] 2013 Level | Prospective randomized Controlled intervention study Good
controlled trial

Blackman et al. 2010 Level I1-1 Prospective controlled Case-control study Good
[18] study

Legend: *Reporting of the evidence level of individual studies is based on the evidence-based medicine ratings, as established by the U.S.

Preventive Services Task Force (USPSTF).

level of evidence, ulcer characteristics (like dura-
tion, location, and grade), topical oxygen therapy
intervention characteristics, and the outcome
measure of wound closure, which was extracted
from the studies included.

2.4 Assessment of risk of bias

The NIH National Heart, Lung and Blood Insti-
tute (U.S. Department of Health and Human stud-
ies) checklist for controlled intervention studies,
pre-post studies without control group, case-
control study, and case series was used to assess
the risk of bias of the studies included. The report-
ing of individual items in the checklists was one of
the following:

Yes

No

Cannot be determined or not reported or not
applicable

The checklist has been modified, as used previ-
ously [12], to provide a quantitative scoring to as-
sess the quality of the included studies. A similar
scoring process [12, 13] was used for the purpose of
the current review. The quality of a study was
rated according to the following scores:

Poor quality if < 4
Fair quality if between 4-5
Good quality if >6

The authors MN, GAM, and GK assessed the
studies individually. Any disagreement in rating
between them were discussed and agreed upon
clarification. The final score per study is shown in
Table 1, which represents the mean score from
the three authors.
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3. Results

3.1 Retrieval and selection of studies

After elimination of duplicates, the initial
search yielded 2864 records, which underwent fur-
ther screening based on title and abstract yielding
372 records, and based on full-text yielding 81 re-
cords. Finally, 5 studies were identified that met
the inclusion criteria for the systematic review [14-
18].

The 5 studies included had different levels of
evidence regarding the use of topical oxygen ther-
apy for diabetic foot ulcers. All excluded studies
used hyperbaric oxygen therapy, ozone therapy, or
other modes of topical oxygen delivery applied to
ulcer sites other than the diabetic foot. The study
selection process is depicted in Figure 1; the study
characteristics are described in Table 1.

3.2 Quality assessment tool

A separate quality assessment tool was applied
for individual study designs based on NIH quality
assessment tool checklists for reporting random-
ized and non-randomized controlled trials, as
shown in Table 1. Almost all studies included in
this review were scored as good quality; only one
study is of fair quality. The results from the stud-
ies included are thus reliable, despite differences
in the levels of evidence. The reporting of evidence
levels was based on evidence-based medicine rat-
ing criteria, as established by the U.S. Preventive
Services Task Force (USPSTF) and as shown in
Table 1.

3.3 Study participant characteristics

A total of 81 study participants were included
in the 5 studies, but one participant in the case re-
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Records identified through
database search
(n=3236)

Identification

[

(n = 2864)

Records after duplicates removed

)

\ 4

Records screened

Screening

Records excluded

(n=372)

[

)

\ 4

Full-text articles
assessed for eligibility

Eligibility

(n=291)

Full-text articles excluded (n = 76).
Hyperbaric oxygen therapy studies (n = 65), ozone
oxygen therapy study (n = 1), and different modes of

(n=81)

[

)

\ 4

Studies included in the
systematic review
(n=5)

Inclusion

[

\ 4

topical oxygen delivery, which targeted other ulcers
but diabetic foot ulcers, excluded.
(n=10)

Figure 1. PRISMA flow diagram showing the procedure of study selection.

port study [16] had a sacral ulcer and thus was ex-
cluded from the review. Eventually, the data of 80
participants with chronic non-healing diabetic foot
ulcers aged 18 years and above were included. The
participants were also suffering from comorbidities
other than diabetes mellitus, including peripheral
arterial disease (PAD), coronary artery disease
(CAD), dyslipidemia, hypertension, smoking his-
tory, and chronic renal failure (CRF). In almost all
studies, the number of male participants was
much higher than that of females (approximately
80-85% males) except in the case report by Sano et
al. (2015) [16], which reported an equal ratio of
male and female participants.

3.4 Ulcer characteristics

The mean ulcer duration among the topical
oxygen therapy intervention group ranged from
24-178 weeks, and the duration of the standard
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care/control group ranged from 12-64 weeks in 4
studies; the duration was not specified in the case
report by Sano et al. [16]. The location of ulcers in-
cluded areas such as the plantar region of the foot,
heel, metatarsal head, toe digits, and midfoot [15,
17, 18]. In two studies, the ulcers were graded
based on the University of Texas classification [15,
18]; in one study by the Wagner classification [16].
The other two studies did not specify the grading
system used. The ulcer wound areas were men-
tioned in two out of five studies [17, 18] for both
the treatment and control groups, respectively.
The study by Driver et al. (2013) [17] reported the
ulcer volume (cm®) in the transdermal continuous
oxygen therapy (TCOT) group (1.3+£0.7) and control
group (1.5+0.6), with history of infection and am-
putation in both groups. The study by Blackman et
al. (2010) [18] reported the wound area (cm?’) in the
topical wound oxygen therapy (TWO2) group
(4.1£4.3) and control group (1.4%0.6).

Rev Diabet Stud (2019) 15:74-82
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Table 2. Characteristics of topical oxygen therapy administered to participants

Reference TOT administration method

Duration of
intervention

Compared with stan-
dard care group

Intervention group treat-
ment parameters

Hayes et al. [14] Continuous ambulatory topical 8 weeks No Not specified
oxygen therapy
Yu et al. [15] NATROX oxygen delivery system 8 weeks Yes Not specified
Sano et al. [16] Hyper-Box topical wound oxygen 5 days/week, 90 min No 100% oxygen delivered in
extremity chamber each session for a total 4 chamber with intermittently
weeks changing pressures between
5 and 50 millibars (mb).
Driver et al. [17] Transdermal continuous oxygen 4 weeks Yes Continuous oxygen delivery
therapy (TCOT) for 24 hours up to 15 days
after which a new unit con-
nected and continued with
the sessions
Blackman et al. [18] Hyper-Box topical wound oxygen 12.8 weeks Yes 60 min each day for 5
therapy system (90 days) follow-up till 2 days/week
years

3.5 Outcome measures

The primary outcome measure was wound clo-
sure in all five studies. Blackman et al. also as-
sessed the rate of recurrence of ulcer after 24
months following intervention with topical oxygen
therapy [18]; a similar follow-up was not assessed
in the other studies. Driver et al. also reported lev-
els of various pro-inflammatory cytokines (IL-6,
IL-8, IL-10, TNF-«, and IL-1B) and proteases
(MMP-1, 2, and 9 and TIMP-1, 2, and 3) in ulcer
wound fluid along with the presence of tissue-
resistant macrophages, which was not assessed in
other studies [17]. In the case report by Sano et al.,
changes in transcutaneous oxygen tension (TcPO2)
values were observed [16].

3.6 Duration and application method of topi-
cal oxygen therapy

The duration and application methods of topical
oxygen therapy for the study participants with
chronic non-healing diabetic foot ulcers are shown
in Table 2. The negative pressure wound therapy
was given along with topical oxygen therapy in the
case report by Sano et al. only, not in the other
studies. The modified offloading footwear was pre-
scribed to study participants in 3 studies [14, 17,
18], but not in the other 2 studies. The moist
wound dressing apart from standard care and
topical oxygen therapy intervention were provided
to study participants in 3 studies [16-18]. These
additional treatment strategies applied by the
studies with footwear and dressing care [14, 16-18]
could have influenced the results positively by
showing a better outcome of wound healing.

Rev Diabet Stud (2019) 15:74-82

3.7 Changes in primary outcome measured,
i.e. wound closure

Topical oxygen therapy and its different modes
of administration have shown improved healing
trajectories in chronic diabetic foot ulcers. Hayes et
al. (2017) found complete healing in 56-week old
ulcers, along with a 50% reduction in 2-year old
ulcers and a minimal 10% reduction in 88-week
ulcers [14]. One study that used the Wagner grad-
ing for ulcer classification found that wound size
reduced significantly (%) in the TCOT group com-
pared to the control group from 21.8+20.0% (week
1) to 49.2+52.3% (week 5), with p < 0.05 [17].

Yu et al. (2016), who used the University of
Texas wound classification, observed that all grade
1 ulcers healed completely in both groups, while
grade 2 and 3 ulcers in the treatment group healed
by 100% and 50%, respectively, compared with
control groups (p < 0.001) [15]. Blackman et al.
(2010) reported that the TWO2 group had about
82.4% wound closure and complete epithelializa-
tion, while the control group had only 45.5% epi-
thelialization [18]. Also, the reported time taken
for closure was 56 days (IQR 39-81 days) in the
treatment group compared with 93 days (IQR 62-
127 days) in the control group. There was no re-
currence of ulcers in both groups after 24 months.

3.8 Changes in other outcome measures, i.e.
transcutaneous oxygen tension (TcPO2)

Sano et al. found that TcPO2 values signifi-
cantly improved after treatment with TOT in 4/6

cases and showed complete granulation tissue
formation and wound healing with no recurrence

Copyright © by Lab & Life Press/SBDR
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[16]. However, no improvement was found in
wounds with extremely low TcPO2 values (<10
mmHg) in the 2 cases.

3.9 Changes in other outcome measures, i.e.
level of various inflammatory markers

Driver et al. assessed the levels of pro-
inflammatory cytokines (IL-6, IL-8, IL-10, and
TNF-«, 1L-1B) and proteases (MMP-1, 2, and 9 and
TIMP-1, 2, and 3) along with the role of macro-
phages [17]. Significant changes were found in lev-
els of IL-6, which decreased to 82.4+25.2% of base-
line. The average levels of IL-8 increased by 260%
in the TCOT group compared with baseline levels.
Other markers like IL-10, TNF-«, and IL-18 were
not detectable in the analysis. Macrophage count
decreased in the treatment group from 410+49 at
week 1 to 97452 at week 4 (p < 0.01). MMP-1 in-
creased from 215% to 288% in the treatment group
[18]. MMP-2 and MMP-9 levels decreased in the
TCOT group compared with the control group after
2 weeks (p < 0.01 and p < 0.05, respectively). The
opposite development was seen in the control
group during the subsequent 2 weeks. Other pro-
teases like MMP-8, TIMP-2, and TIMP-3 were not
detected in the fluid analysis.

4. Discussion

4.1 Oxygen and wound healing

All stages of wound healing are facilitated by
oxygen during hemostasis, inflammation, prolif-
eration, maturation, and remodeling through the
release of numerous cytokines and mediators that
initiate the processes of angiogenesis, thrombosis,
granulation tissue formation, and re-
epithelialization [19]. Oxygen level under normal
skin surface is 45-65 mmHg (Howard et al., 2013
[20]), under chronic wound conditions 5-20 mmHg
(Schreml et al., 2010 [21]), and in the absence of
vascular supply only 0-5 mmHg in the central area
of the wound [21]. Such low oxygen levels below 20
mmHg provoke the wound cells to convert them-
selves towards an anaerobic metabolic state and
thus decelerate the wound healing process.

Interestingly, it is observed that higher oxygen
levels of about 160 mmHg can enhance the rate of
fibroblast proliferation, formation of proteins, and
activity of prolyl hydroxylase at an oxygen level of
250 mmHg [22]. These effects have been high-
lighted in the consensus expert panel report on the
clinical pathway to use topical oxygen therapy in
practice [23].
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It is known that the acute wound healing time
is approximately 4-6 weeks as compared to chronic
wounds, which takes >6 weeks of healing. Hy-
poxia, biofilm formation over the wound area, al-
tered tissue oxygen perfusion levels, changes in
cellular response, and defects in collagen synthesis
extend the healing time in chronic wounds. Thus,
chronic wounds do not improve beyond the in-
flammatory phase due to impaired oxidative kill-
ing [24]. Also, the presence of systemic illnesses
like chronic medical conditions, diabetes, obesity,
use of medications, age of the individual, presence
of infection, alcohol and smoking history, and mal-
nourishment further impair wound healing [25].

4.2 Role of topical oxygen therapy in wound
healing

The requirement of oxygen for a person with a
healthy clean wound is around 20%, while that for
infectious wounds is 50% [10]. The penetration of
oxygen across the surface of the skin occurs to a
depth of up to 700 um, validating the physiological
basis of topical oxygen delivery [26]. The advan-
tages of topical oxygen therapy as an intervention
method are predominantly due to its cost-
effectiveness, the availability of a home treatment
option, and the minimal risk of developing compli-
cations [27] as compared to hyperbaric oxygen
therapy or topical hyperbaric oxygen therapy.
There is only minimal damage to the vasculature
due to oxygen penetration directly from the outer
surface of the skin bypassing the oxygen transport
system of the body.

4.3 Which ulcer grades benefit most from topi-
cal oxygen therapy?

It is crucial to determine the eligible partici-
pants who would benefit from topical oxygen ther-
apy. This systematic review included participants
with chronic non-healing diabetic foot ulcers of dif-
ferent grades (based on either Wagner classifica-
tion or the University of Texas classification). It
was observed that in participants with higher
grades of chronic wounds (grades 2, 3, and above)
the wound tissue involved at the wound site was
deeper. Thus, complete wound closure through
penetration of topical oxygen therapy was not pos-
sible in the short duration of treatment. However,
some reduction in wound size from baseline was
expected, which was discussed in the studies. Al-
though the previous studies showed that the rate
of wound healing is dependent on the different
grades of ulcer, better outcomes could be achieved

Rev Diabet Stud (2019) 15:74-82
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with a combination of topical oxygen therapy and
comprehensive care including off-loading footwear,
proper wound bed dressing, and standard wound
care.

Complete healing of such chronic ulcers re-
quires a longer duration of treatment and follow-
up. A clinical decision for topical oxygen therapy
as a treatment option among participants with
chronic ulcers is required by healthcare profes-
sionals. A potential aid to making this decision
may consist in measuring transcutaneous oxygen
tension levels in the wound area, which was ad-
dressed by Sano et al. [16]. Also, topical oxygen
therapy and its different modes of administration
would most likely benefit all low-grade ulcers that
have failed to heal following standard wound care
by multidisciplinary healthcare teams [27]. There-
fore, it can be readily chosen for individuals with
low-grade diabetic foot ulcers.

4.4 Strength of this review

This is the first systematic review analyzing
the different levels of evidence available regarding
the role of topical oxygen therapy and its different
modes of administration in the healing dynamics
of chronic diabetic foot ulcers among people with
diabetes mellitus.

4.5 Limitations of this review

The limitations of this systematic review in-
clude the small sample size of studies included in
the review and the limited clinical and experimen-
tal evidence available from studies assessing the
effect of topical oxygen therapy and its effects on
the healing of chronic diabetic foot ulcers.

4.6 Recommendations for future directions
and clinical significance

Along with topical oxygen therapy, adding
warm temperature of oxygen can have local and
systemic effects by improving oxygenation levels in
the wound bed along with local vasodilatory bene-
fits in the peri-wound areas. Similar effects were
observed in a group of healthy volunteers in the
study by Joshi et al. [28]. The possible mechanisms
that affect wound healing dynamics include
upregulation of the wound microenvironment
through the expression of modulatory enzymes
that may help in the conversion of oxygen to reac-
tive oxygen species, which stimulates vascular en-
dothelial growth factors, resulting in angiogenesis,
which may act as a signal to enhance wound heal-
ing responses [24]. Another possible mechanism
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behind cell differentiation during the wound heal-
ing process may be wound hyperoxia, facilitating
fibroblastic proliferation at the wound site, which
may account for the accelerated rate of wound con-
traction during healing [29]. Molecular oxygen also
plays an important role in the collagen synthesis
modulated by the enzymes hydroxylase, lysyl hy-
roxyles, and lysyl oxidase producing procollagen,
resulting in remodeling and maturation of the
wound [22].

There is a need for future experimental and
clinical assessment of the effects of topical warm
oxygen therapy. Studies should also investigate
the roles of various inflammatory markers which
are associated with different stages of wound heal-
ing among people with chronic diabetic foot ulcers.

At present, topical oxygen therapy has not been
tested based on the grading of the ulcer, and there
is no detailed information in the available litera-
ture regarding the use of topical oxygen therapy
based on the wound size or degree of wound infec-
tion. However, if oxygen therapy is used independ-
ently or in combination with existing clinical in-
terventions, it may be an important adjunct mo-
dality in the management of chronic ulcers, espe-
cially in the diabetic foot. There is a dearth of lit-
erature suggesting mechanisms of underlying
problems in healing dynamics of chronic diabetic
foot ulcer, which stands as a major challenge in
clinical practice. This review intends to shed light
on the importance of topical warm oxygen therapy
as an adjuvant management for non-healing
chronic diabetic foot ulcer, emphasizing the need
for more clinical trials in this area.

5. Conclusions

The following conclusions could be drawn from
this review:

- The application of topical oxygen therapy
among people with different grades of
chronic diabetic foot ulcers improves wound
healing.

- Low-grade ulcers (grade 1) heal completely
under topical oxygen therapy.

- High-grade ulcers (grades 2, 3, and above)
show a reduction in wound size by 100% and
50%, respectively, along with a reduction in
the depth of tissue involved.

- The probability of complete healing of high-
grade ulcers needs to be addressed by longer
treatment periods and follow-up among par-
ticipants with chronic diabetic foot ulcers.
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- The choice of topical oxygen therapy as a
treatment modality for eligible participants
with varied ulcer grades is the responsibility
of the healthcare team delivering the inter-
vention.
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