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Abstract

Chronic wounds represent a significant burden and danger for the affected patient population. Prevalence estimates for pres-
sure ulcers, venous ulcers and diabetic ulcers combined suggest that as many as 3% of the total population are affected by these
conditons. Therefore the treatment of chronic wounds is a major challenge for caregivers and places a significant financial burden
on the healthcare system. One approach to treatment of these wounds is the Hyperbaric Chamber. The widespread use of this
mehod is however limited by costs and a number of therapy associated risks. In order to eliminate some of the problems asso-
ciated with systemic hyperbaric oxygen therapy, a novel approach using topical oxygen has been launched and is discussed in
this paper. Chronic wounds are mostly associated with an absolute and relative lack of oxygen. Oxygen plays a key role in the
antibacterial response mechanisms as well as a substrate for important repair mechanisms. Latest research indicates that free
oxygen (02) radicals are important for cell signaling (redox signaling). The physiological reasoning of the importance of 02 seems
to be reflected in clinical studies. The results of about 1,250 patients were published in 27 identified studies of varying quality.
The latest studies eliminated the majority of critical issues of the older papers. In addition they seem to underline the advan-
tages of applying oxygen through a cyclical pressure. In conclusion the approach is very promising but there is a clear need for

well designed randomized clinical trials.
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American Indians have believed for centuries their wounds
would heal quicker if they hiked down into the “richer” air
of the valleys.' Modern hyperbaric wound therapy began in
the 1960s, when famous oceanographer Jacques-Yves
Cousteau built a village under the Mediterranean sea. In
1962, Conshelf 1 was set up off Marseille, France at a depth
of ten meters. Cousteau and his team noticed that small
scratches and wounds seemed to heal faster in the humid
and oxygen-rich environment of the underwater houses.
This discovery led to the development and proliferation of
modern hyperbaric chambers and Hyperbaric Medicine.

Treating patients in hyperbaric chambers is costly and
is associated with a number of risks. With that in mind, Amer-
ican neurosurgeon Boguslav H. Fischer began using a minia-
ture version of a hyperbaric chamber that provided Oxygen
topically to the wound.” First results were published in 1966
and three years later The Lancet printed a report about 56
patients treated successfully with topical wound oxygen
(TWO5).* In the course of the next decades many scientists
conducted research with topical oxygen system.””” In spite
of very promising results, topical oxygen approaches remained
in the shadows of more mainstream treatments.

Today a next generation TWO, device is available in Europe
providing enough reason for a critical appraisal of its bio-
chemical mechanisms and clinical evidence of this new yet
old concept.

Oxygen and Wound Healing
Oxygen (07) is one of the major prerequisites for life. In
mammals, all processes at the cellular level require O which

is provided in the majority via the adenosine triphosphate
(ATP) pump. ATP cannot be stored and its synthesis requires
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0, and glucose. Interestingly the molecular mechanism and
the ATP were only clarified in the 1980s. The scientists Paul
D. Boyer and John E. Walker received the Nobel Prize in
1997 for their elucidation of the enzymatic mechanism under-
lying the synthesis of ATP. Most human organs receive their
required O via the circulatory and respiratory systems the
largest human organ however is partly supplied with 09 by
diffusion directly from the ambient atmosphere. The border
between external and internal supply seems to be the stra-
tum corneum of the skin.”

A number of different factors play an important role in
the development of chronic wounds. One of the most impor-
tant is underlying disease associated with diminished per-
fusion and resultant reduced oxygen supply to the tissues.
Among the most common are Diabetes Mellitus, arterioscle-
rosis and age. A wound requires O to fight infection, to build
up missing tissue and most other important processes in
wound healing. In the wound healing cascade different cell
types are important at different points of time, macrophages

o Figure 1. Disposable
1 device for home care use
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to fight infection, fibroblast for the synthesis of the extra-
cellular matrix (ECM), collagen to fill the wound and epithe-
lial cells to close the wound. All these cells need adequate
05 to fulfill their purpose. But 09 is not only the main source
of energy.

In all phases of wound healing O5 is also needed as a
substrate for essential enzymatic process. In the first (Inflam-
matory) phase, neutrophils and macrophages build reactive
oxygen species (ROS) which are important in fighting infec-
tion, intracellular and extracellular. When infected, the
NADPH-linked oxidase can increase the Oy consumption by
as much as 50-fold. Up to 98% of the oxygen consumption
of neutrophils is needed for ROS production®. Newer research
indicates that free O9 radicals are important for cell signal-
ing to stimulate cell migration, cell proliferation and neo-
vascularisation.”

A means to describe the amount of 0, available is its
partial pressure (pQ5). While the normal pOy in arterial blood
is around 100mmHg, it is reduced to values around 40 at
the wound edges and usually below 10mmHg at the center
of chronic wounds. There are a number of reasons for low
p0Oy’s at the wound center. Trauma can destroy capillaries
altering the diffusion distance for Op. Edema due to trauma
or infection also increases the diffusion distance. As men-
tioned earlier, chronic wounds often are associated with
age or diseases which are associated with limited blood flow.
Simultaneously there is an increased need for Oy within the
chronic wound. High inflammatory activity, the need to build
new ECM to fill the wound gap, the building of granulation
tissue - all of these repair mechanisms need oxygen as a
source of energy, as a substrate or signaling molecule.

It is worthwhile to have a more detailed look into the
enzyme kinetics. The KM is the substrate concentration at
which the reaction rate reaches half of its maximum value
(Vmax/2). The concentration of 09 necessary to achieve half
maximal ROS production (the Km] is in the range of 45-80
mmHg, with maximal ROS production at pO at > 300 mmHg.*
As the p0O in the center of the wound is regularly below a
p07 of 10 mmHg, the maximal effects of respiratory burst-
dependent wound infection management can only be achieved
through the administration of supplemental O, to attain wound
p09 levels beyond those encountered when breathing room
air.”® This also explains why the state of wound tissue oxy-
genation is a sensitive indicator for the risk of infection in
surgical patients.*”

Another impor-
tant milestone in
wound healing is
the development of
granulation tissue.
Granulation tissue
contains many cap-
illaries and is of
intense red color.
Granulation tissue
contains cells and
extracellular Matrix
(ECM]. The ECM is
built by fibroblasts
and contains gly-
cosaminoglycans,
proteoglycans and
collagen. Collagen
is the main protein

Figure 2. Rigid device
for hospital and
institutional use

of the ECM and the human body. About 30% of the total pro-
teins in humans is collagen. In the skin, collagen represents
about 80% of the total protein mass. Consequently the pro-
duction of collagen is essential for wound healing. Collagen
synthesis requires 05 as a substrate in different enzymatic
processes. Three peptide chains are hydroxilated in the endo-
plasmic reticulum to form a triple helical structure. This
process is supported by the proline hydroxylase. After secre-
tion outside the cell the lysyl oxidase needs O to form col-
lagen fibrils via covalent cross-linking. This cross linking is
essential for the stabilization of collagen fibrils and for the
integrity and elasticity of elastin. When the function of the
lysyl oxidase is reduced collagen is incomplete and less robust.
Both Collagen and elastin are synthesized by fibroblasts.
Endothelia cells need them in the building of vessels to sta-
bilize the walls and keep the vessels elastic. Collagen syn-
thesis is half maximal (KM] at a pO9 of 20-25 mmHg. Vmax
is approximately 250 mmHg, suggesting that new vessels
cannot even approach their greatest possible rate of growth
unless the wound tissue p0Oy is as high as 66.* As the p0,
in the center of the wound is regulary below a pOy of 10
mmHg, hypoxic wounds deposit collagen poorly and are more
likely to become infected.”

Systemic hyperbaric therapy with pressures up to 2.5
atmospheres (2.500mbar) enhances the arterial pOy multi-
ple but requires an intact capillary network to enhance the
wound p0,. Consequently, local tissue oxygenation seems
reasonable as no intact vasculature is needed. Unfortunately
0, has a very low solubility in watery environments. There-
fore most experts believe that the topical application of oxy-
gen would not be able to enhance the p05 in the tissue.

Modern topical oxygen devices (like AOTI - Advanced Oxy-
gen Therapy Inc.) address this problem with 2 components.
First, highly concentrated 05 is administered directly onto
the wound. Secondly, the devices work with a cycling pres-
sure between 5 and 50mbar in order to further improve the
diffusion gradient. The cycling pressure leads to a massag-
ing compression without touching the wound.

In his first paper from 1966 Fisher reported that he did-
n't achieve any healing results using devices with applica-
tion pressures under 10mmHg.” Therefore, the applied pres-
sure seems to be extremely important in the topical application
of 0. In 1975 Fisher measured the capillary pOy in the fin-
ger tip as a comparison.® The p0Oy in the capillaries of the
wound was less than 80mmHg at start and using a topical
oxygen device with a pressure of 22mmHg the pOy in the
wound capillary was raised after one hour to 115mmHg and
120mmHg after two hours. The fingertip pO, stayed con-
stant at 96-97mmHg.

One year later Olejniczak also reported positive results
in a study with 174 patients using a device using only
12mmHg.” He measured the pO5 in granulation tissue near
the wound surface and at a depth of 1 mm. p05 in the plasma
of the wound surface was raised from 50mmHg to 450mmHg
and fell down to 50mmHg 2 minutes after stopping the Oy
therapy. Olejniczak reported about great difficulties to meas-
ure the pO5 at Tmm depth back in 1976. He didn’t observe a
raise of the p0y during the therapy using 12mmHg pres-
sure in the delivery device. When using nitrogen as a gas
for the topical application the pO5 in the plasma of the wound
surface fell from 50mmHg to 12mmHg after 5 minutes and
stabilized later at 4.5mmHg. Since in this case any source
of outside oxygen was eliminated the low values obtained
represent an arterial supply of oxygen. This demonstrates
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NR. THOR/YEAR TITLE STUDY DESIGN UND ETI RESU
Oxygen Under Pressure 2 Ulcer with no tendency
1 Gorecky, 1964 Appllied directly to Bed Casen stutc_iyr;/{\th Pressure ulcer to heal for 9 moth healed
Sores: Case Report on patie within 4 month under TWO,
Low Pressure 15 patients with /
N Hyperbaric Oxygen meningocele, diabetic, N
2 Fischer, 1966 Tieminer o Dt Cas study T o e ey Very good healing in all cases
and Skin Ulcers and pressure
g Diabetic ulcers (2),
Topical hyperbaric Case study with venous ulcers (19] 52/58 heald completely. 4
3 Fischer. 1969 oxygen treatment 58 patients and ressure ulcers (29) out of 6 wound that did not heal
' of pressure sores controlled with p ischaemic (6, had underlying osteomyelites
and skin ulcers 6 patients trauma (2) ’ unknown at therapy begin
Topical Hyperbaric Description of Practical and safe method
4 Torelli, 1973 Oxygen for treatment and 70 pressure ulcers with very good results
Decubitus Ulcers case study on pressure ulcers
All wound on
the lower extremeties.
(5), pressure ulcer
Treatment of ulcers q 0
5 Fischer, 1975 on the legs with Ca;g ;;‘:i?;“";‘th [16362523?95ié1§9[£][3], 28/30 wounds healed completely
hyperbaric oxygen rheumatoide’ arthriti's (3,
yper-gamma-
globulinaemia (1)
( \genous ulcers
102), arteriosclerotic f
. Case study with . Improvement in all wounds.
6 Olejniezak, 1976 Topical. Oxygen Promotes 174 of various el 96% healing in venous wounds,
9 9 etiologies @l agnaemia (%) lupus 70% in ischemic ulcers
erythematodes (2)
The effect of Topical a
< 11 patients
7 Diamond, 1982 h‘{s‘irebra&i:ggrz?ton Case study with wounds Healing in “all cases”
WS Y of various etiologies
Hyperbaric oxygen
therapy for a foot 0 lﬁ;'eern;mth
8 Heng, 1983 ulcerin a patient Case study e Healing
with polyarteritis P e
nodosa
Hyperbaric 2 patients with multiple
oxygen therapy ulcers on lower Healing in both cases after
9 Heng, 1984 for pyoderma Case study extremities and pyoderma ba weeks
gangrenosum gangaenosum
A simplified 5/6 pati i i
y . patients in the TWO,-group with
10 Heng, 1984 hyf:gﬁﬁi”i.g’?;?.e" cofl;ggﬁggnsﬁ'd Iscaemic wounds 27 wounds healed 3 weeks
leg uqlcers Y vs. 0/5 in the control group
A 15 patients of which
((opicalioxyosni 12 had diabetis ulcers,
1" Ignacio, 1985 of eftznsive leg Case study 12 osteomyelitis, 11/15 patients healed (73%)
and foot ulcers g eéegrl;u::\ctll)?sflese?nd
A 43 patiens with
Human Bite Infections A
I i . human bite wounds. Hospital stay was shortened
12 Lehmann, 1985 cithelliand aditeet Seli R mized 16 patients TWO; from 4,7 days vs, 11,2 days
Hyperbaric Oxygen Y and 27 served in the control group
as controls
Topical hyperbaric
ﬁxygenation inf .
the treatment o atients
13 Upson, 1986 recalcitrant open Case study with arterial ulcers Both healed
wounds. A clinical
report
Randomized
controlled trial of Prospective 28 patiens; 12 More than 55% reduction
14 Leslie, 1988 topical hyperbaric randomized study in TWO; group in both groups. No significant
oxygen for treatment over 2 weeks 16 controls difference
of diabetic foot ulcers
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NR. AUTHOR/YEAR TITLE STUDY DESIGN WOUND ETIOLOGY
50 patients with
Topical Hyperbaric diabetic ulcers.
Oxygen and Low 15 patients were only
15 Landau, 1988 Energy Laser Therapy Case study treated with TWO! 43/50 patients healed
for the treatment of and 35 35 in combination
diabetic foot ulcers of TWOj and
low energy laser
40 patients with
Angiogenesis in mainly pressure
16 Heng, 2000 necrotic ulcers Prospective, ulcers. Many of 90% healed in the TWO,
9 treated with randomised study which associated group vs. 22% in the controls
hyperbaric oxygen with diabets and
osteomyelitis.
Enhanced healing
and cost-effectiveness f ;
; 15 patients with 22 out of 24 ulcers healed
17 Heng, 2000 i t?‘vevrsresif‘”r:::lﬁxge" Case study / virtual 24 wounds of different within 12 weeks. Significant
9 necrt?tyic woundsrg control group orign, 4 patients with cost reduction in the TWO,
A feasibility study of osteomyelitis treated patients
technology transfer.
Topical Hyperbaric
Oé‘%i;yacgslg_w 100 patients with
18 Landau, 2001 Therapy for Chronic Case study ti?t?d%i?l&c'?wo 81% healed
Diabetic Foot Ulcers
Resistant to Conventional e ey emaigy e
Treatment
Topical hyperbaric 8 pati -
d electrical patients with 6/8 wounds healed
19 Edsberg, 2002 oxygen and ; Case study pressure ulcers e
sngy:gt:ioarc.siﬁzl%ylng grade Ill and IV, within 16 weeks
Reducing epibole
using topical R 1 patient with grade IV
20 Edsberg, 2002 hyperbaric oxygen Fallstudie pressure ulcer Healed
and electrical stimulation
Topical oxygen as 5 i 6l 65% healed without surgical
21 Kallianen, 2003 ag:;%\rj";_cgglm?cﬂd Case study various aetiology In;i’;‘é??;‘ll)iglzl'z\}grﬁi:rz‘h
case series 0 32 [EtaniES (surgery/flap/graft)
. Efficacy of topical 2 patiens
22 Ishii, 2004 hrye[ﬁ;lcntag;; ?gg‘gzrcgr Case study with unspecified Both wounds healt 3 and 9 month
TOF"‘;:f'yng};p:;zar'c 274 patients;
23 Landau, 2006 low-energy laser Case study 218 patients with 78% healing in both groups
for the treatment of clabelciicefand
ATEnE NS 156 with venous ulcer
Topical oxygen
therapy induces vascular 57 pati :
o patients; 32 HBO vs. HBO didn not reduce wound size.
2% Gordillo, 2008 gndothelisliorowthifacto Controlled study 25 TWO,. Wounds of TWO, reduced wound size
clgsure of clinicall’; pre- different etiologies andzlead to higher VEGF
sented chronic wounds.
Does Topical Wound
OXK%%’:JJ!ZO L]n(c);f;rean 83 patients with venous
N ulcers. 46 patients with :
25 | ez | g0 Comenional | conotigstugy | Ty and S comrols | | S0%afTWOp st ptients peled
[CCD]pin the Managemgnt receiving compression ’ 0
of Refractory Venous Cie=sos
Ulcers (RVU)?
f 20 diabetic ulcers and
C‘f\rﬁzﬁign}:}igfm 20 venous ulcers. Every
Evaluate Different Femslamised paflcl)ernz \r’/eec:li\;e(z;l;gpz Diabetic ulcers: 90% vs. 50% healing;
i 3 - . 509 o
26 Aburto, 2010 .\I;:ietﬁ"?;e?éa?(\e/%w:j controlled study e i sy meg R 10 Venous ulce}:‘s. g[iv/;;/;.sﬁﬂ % healed
Ox enp(TWO ) on patients continued with
A e TWO, vs. advanced wound
care in controls
Topical Wound
Oxygen Therapy 28 patients with 82% of TWO.
. - ; patients healed
27 Blackman, 2010 in the Treatment of Controlled study diabetic ulcers within 90 days vZ. 43% in the controls

Severe Diabetic Foot
Ulcers: A Prospective
Controlled Study

17 received TWO5 and
11 advanced dressings
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how important the atmospheric Q9 is for the supply of 09
for the skin. Almost 30 years later Fries® measured the dif-
fusion of O using a device utilizing a higher pressure than
Ollejniczak. He measured the pOy in pigs with artificial full
thickness dermal wounds at a depth of 2mm with a device
using 22mmHg of pressure. After 4 minutes of treatment
the pO5 in the center of the wound rose from values between
5-7mmHg to more than 40mmHg. Dual fluorescence stain-
ing of the tissue sections for smooth muscle actin and cell
nuclei showed that the edge of oxygen treated wounds had
a higher density of blood vessels than that in the edge of
the room air exposed control wounds. Repeated treatment
of the excisional dermal wounds in pigs clearly resulted in
a significant acceleration of wound closure. Fries also showed
that one of the most crucial vascular growth factors, VEGF
was raised substantially in the topically treated wounds com-
pared to the control wounds. These results were confirmed
with humans by both, Scott and Gordillo who found enhanced
VEGF concentrations after topical treatment with oxygen.®*

We conducted a systematic literature review using the
search string “topical oxygen” in PubMed. All publications
were searched for secondary literature which were followed
and obtained. As the number of Randomized Clinical Trials
is limited, we abandoned a procedure usually used in health
technology assessments that only look at RCTs. We don’t
question the clear demand for well designed randomized
clinical trials but also feel that a neglection of observational
studies clearly limits innovation and new approaches.” Table
1 summarizes the clinical publications. We limited this table
to clinical studies. There are a number of publications that
discuss the theoretical use of TWO, or review the available
evidence. We are aware of a minimum of five position state-
ments of different Hyperbaric societies. With the exception
of the paper by Feldmeier in 2005,” these position state-
ments appear quite biased and seem to focus on supporting
the reimbursement decisions in the countries where HBO is
reimbursed as well as to discredit topical approaches. In
this respect it seems to be useful information that for instance
in the United States one session of hyperbaric treatment is
reimbursed with up to 2,000 USD and up to 60 sessions.

1.Hunt TK, Pai MP. The effect of varying ambient

oxygen tensions on wound metabolism and col-  Dec; 104(12):114-21.

promotes healing of leg ulcers. Med Times. 1976

Since the first study that we are aware of back in 1964,
different authors and research groups have dealt with the
subject of TWO and published more than 25 studies in the
years thereafter. It is interesting to note that it took almost
50 years until a company developed a device that can be
commercialized and is now available in most parts of the
world. In summary there are more than 1,250 patients in
studies published about TWO,. One weakness especially in
the older publications is clearly that many studies did not
clearly describe the population under investigation. Never-
theless more than 500 patients are clearly attributable to
diabetic foot ulcers, almost 400 patients with venous ulcers
and more than 120 to pressure ulcers.

The sheer number of patients is surprising. In the stud-
ies different devices and pressures where used. Some find-
ings stick out. Clearly the applied pressure of the device
seems important. Devices using less than 10mmHg seem
to have little effect. Pressures around 22 mmHg appear to
be clinically effective but may need a daily treatment dura-
tion of up to 12 hours. Only one device works with cycling
pressures and provides humidified oxygen to prevent the
wound from drying out. The cycling pressure reduces edema
in a similar manner to compression dressings and shows
good healing results with treatment times of 60 to 90 min-
utes.

In all phases of wound healing, oxygen plays a key role.
Chronic wounds have a difficult challenge in that the need
for oxygen is high while the supply of oxygen is low due to
trauma, edema, limited vascularisation and underlying dis-
ease. Topical application of oxygen enhances the partial pres-
sure of oxygen (p0Oy) to levels where various enzymes can
effectively start healing. The effectiveness of Topical Wound
Oxygen (TWO,) has been shown in a significant number of
studies. However, there is a clear need for well designed
randomized clinical trials to measure the true advantage of
TWO, compared to other modalities like Hyperbaric Oxygen
or advanced wound care. A new device is being commer-
cialized that works with pressure gradients between 5 and
50mbar, showing excellent results with a clinically feasible
treatment time of 60 to 90 minutes.

Oxygen. Infections in Surgery, 1985, 460-5
14. Upson AV. Topical hyperbaric oxygenation in

lagen synthesis. Surg Gynecol Obstet. 1972 Oct;
135(4):561-7.

2.Fischer BH. Low Pressure Hyperbaric Oxygen
Treatment of Decubiti and Skin Ulcers. Proce
Annu Clin Spin Cord Inj Conf, 1966, 15; 97-101

3. Fischer BH. Topical hyperbaric oxygen treat-
ment of pressure sores and skin ulcers. Lancet,
1969, Aug 23; 2(7617): 405-409

4. Gorecki Z. Oxygen Under Pressure Applied
directly to Bed Sores: Case Report. J Am Geriatr
Soc. 1964 Dec; 12: 1147-8.

5. Torelli M. Topical hyperbaric oxygen for decu-
bitus ulcers. Am J Nurs. 1973 Mar; 73(3):494-6.

6. Fischer BH. Treatment of ulcers on the legs
with hyperbaric oxygen. J Dermatol Surg. 1975
Oct; 1[3?:55-8.

7. Olejniczak S, Zielinski A. Topical oxygen

8.Diamond E et. al. The effect of Topical hyper-
baric oxygen on lower extremity ulcerations. J
Am Podiatry Assoc 1982 Apr(72(4):180-5

9. Heng MC. Hyperbaric oxygen therapy for a
foot ulcer in a patient with polyarteritis nodosa.
Australas J Dermatol. 1983 Dec; 24(3):105-8.

10. Heng MC. Hyperbaric oxygen therapy for
pyoderma gangrenosum. Aust N Z J Med. 1984
Oct; 14(5):618-21.

11. Heng MC, Pilgrim JP, Beck FW. A simpli-
fied hyperbaric oxygen technique for leg ulcers.
Arch Dermatol. 1984 May; 120(5):640-5.

12. Ignacio DR et al. Topical oxygen therapy
treatment of extensive leg and foot ulcers. JAm
Podiatr Med Assoc. 1985 Apr; 75(4):196-9.

13. Lehman WL et al. Human Bite Infections of
the Hand: Adjunct Treatment with Hyperbaric
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the treatment of recalcitrant open wounds. A
clinical report. Phys Ther. 1986 Sep; 66(9):1408-
12.

15. Leslie CA, et al. Randomized controlled
trial of topical hyperbaric oxygen for treatment of
diabetic foot ulcers. Diabetes Care. 1988 Feb;
11(2):111-5.

16. Landau Z. Topical hyperbaric oxygen and
low energy laser for the treatment of diabetic
foot ulcers. Arch Orthop Trauma Surg. 1998;
117(3):156-8.

17. Heng MC et al. Angiogenesis in necrotic
ulcers treated with hyperbaric oxygen. Ostomy
Wound Manage. 2000 Sep; 46(9):18-28, 30-2.

18. Heng MC et al. Enhanced healing and cost-
effectiveness of low-pressure oxygen therapy in
healing necrotic wounds: a feasibility study of
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