Effect of Hyperbaric Oxygen Therapy on
Healing of Diabetic Foot Ulcers
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Hyperbaric oxygen therapy can be used as an adjunct to standard wound care in the freatment of
diabetic patients with foot ulcers. We undertook a prospective, randomized investigation of the use of
hyperbatic oxygen therapy versus standard therapy for the treatment of foot ulcers in diabetic patients.
A number of demographic variables were analyzed in regard to wound healing. We noted that foot ulcers
in patients in the hyperbaric oxygen therapy group were more likely to heal, and were more likely to
undergo amputation distal to the metatarsophalangeal joint compared with those patients receiving
standard therapy without hyperbaric oxygen. We feel that hyperbaric oxygen therapy should be
considered a useful adjunct in the management of foot ulcers in diabetic patients. Level of Clinical
Evidence: 2 (The Journal of Foot & Ankle Surgery 47(6):5615-519, 2008)
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Currently, standard therapy (ST) for lower extremity
wounds in diabetic patients entails wound debridement,
off-loading, systemic antibiotic therapy, and supportive
medical therapy in an effort to heal wounds within a rea-
sonable period of time, generally considered to be up to 4 to
5 months, Another current option for the treatment of dia-
betic patients with lower extremity ulceration is hyperbaric
oxygen therapy (HBOT). HBOT is a systemic treatment
option, wherein the patient breathes 100% oxygen for a
specified period of time in a pressurized chamber. In the
1970s, the clinical use of HBOT in patients with diabetic
foot wounds was initiated by the positive treatment results
reported in a number of case reports and series (1-12).
Faglia et al (5) prospectively reported on 70 diabetic pa-
tients who received HBOT, and observed a decreased rate of
major amputations (transtibial or more proximal) in com-
parison with standard therapy. Similarly, several other stud-
ies also demonstrated that HBOT decreased the risk of
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major amputation in diabetic patients with foot ulceration
(1, 5-7, 12), In a review of 6 studies, HBOT was observed
to decrease the risk of major lower extremity amputations in
118 patients (7). In yet another investigation, involving 55
patients with diabetic foot ulcers that extended deep to the
deep fascia, it was noted that the use of HBOT decreased the
prevalence of major amputation (8).

HBOT has been shown to promote healing in diabetic
wounds by means of its anti-edema, antibacterial, and neo-
vascularization effects (13-18). Because of its apparently
beneficial effect on wound healing, there is a trend toward
resorting to the use of HBOT in cases of problematic
wounds such as diabetic foot ulcers, particularly when
there is a concern for neovascularization (1-9, 19). The
primary aim of this prospective randomized controlled
trial was to evaluate the effects of HBOT on diabetic foot
ulcers, and to compare this form of therapy to standard
wound care (standard therapy, ST).

Patients and Methods

After receiving approval from the Ethical Committee of
Ankara Numune Teaching and Research Hospital, Turkey,
consecutive patients who were admitted to the Emergency
Surgical Department between January 2002 and December
2003 for the treatment of infected diabetic foot ulceration
were evaluated for potential inclusion in the investigation.
In addition to receiving standard medical assessment, each
patient was evaluated to determine whether HBOT was
contraindicated (Table 1) (20), Diabetic patients were con-
sidered eligible if they were at least 18 years of age, and if
they had a foot wound that had been present for at least 4
weeks despite appropriate local and systemic wound care.
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TABLE 1 Contraindications to hyperbaric oxygen therapy*

Untreated pneumothorax

Obstructive pulmonary disease

History of otic surgery

Upper respiratory tract infaction

Febrile state (since fever decreases seizure threshold)

History of idiopathic convulsion

Hypoglycemia

Current corticosteroid, amphetamine, catecholamine, or thyroid
hormone use

*Adapted from Jain (20).

TABLE 2 The Wagner* classification of diabetic foot
ulceration '

Grade Clinical description

No open ulcer, high risk

Superficial ulcer with subcutaneous involvement
Deep ulcer with tendon or joint involvement
Deep ulcer with bone involvemeant

Wet or dry gangrene (forefoot), without cellulitis
Generalized (whole foot) gangrene

s W =20

*Adapted from Wagner (21).

The foot wounds were categorized according to a modifi-
cation of the Wagner classification (Table 2) (21), and the
diagnosis of osteomyelitis was made based on bone biopsy
at the time of surgical intervention, Moreover, photographic
images were obtained before and after the therapy, All of
the patients were further evaluated in an effort to determine
whether or not they would be suitable candidates to undergo
HBOT. After confirming eligibility, the patients were ran-
domly assigned to the standard treatment group or the
standard therapy plus HBOT group, using a random number
table and allocating patients to the treatment groups accord-
ing to a predetermined sequence wherein consecutively
enrolled patients corresponding to an even random number
received ST, and those corresponding to an odd random
number received ST + HBOT, We continued this process
until we had 50 participants in each treatment group.

ST entailed daily wound care, including dressing changes
and local debridement at bedside or in the operating room,
as well as amputation when indicated, Infection controls
were carried out by clinical follow-up, and by performing
culture-antibiograms of surgically obtained specimens to
determine appropriate antibiotic therapy. In the HBOT
group, standard therapy was supplemented by hyperbaric
oxygen treatments administered at a maximum working
pressure of 20 atmospheres absolute (ATA), using a
unichamber pressure room (Patterson Companies, Inc., St.
Paul, MN) employing a volume of 10 m® at 2 to 3 ATA for
90 minutes. Treatment was administered as 2 sessions per
day, followed by 1 session on the following day, alternating
throughout the course of therapy, which typically extended
for a period of 20 to 30 days.
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A number of independent variables were measured and
recorded, including age, gender, duration of diabetes, hy-
pertension, lipid-lipoprotein levels (triglyceride, choles-
terol, high-density lipoprotein, low-density lipoprotein, and
very low density lipoprotein), obesity, smoking habits, and
glycosylated hemoglobin (HbAlc). Patients with a body
mass index (BMI) of 30 or greater were defined as obese.,
Smokers were defined as either current (active smokers or
those who had quit within 2 months of presentation), or
nonsmokers. High lipid-lipoprotein levels were defined as
follows: triglyceride 180 mg/dL or higher, cholesterol 200
mg/dl or higher, and low-density lipoprotein 160 mg/dL or
higher, Outcome variables were defined as (1) total closure
of the wound without the need for surgical intervention in
the operating room (complete cure with bedside debride-
ment); (2) graft or flap closure required; (3) amputation
distal to the metatarsophalangeal joints (MTPJ) (distal am-
putation) required to achieve closure; (4) amputation prox-
imal to the metatarsophalangeal joints (proximal amputa-
tion) required to achieve closure; (5) no change (defined as
no sign of healing during the course of treatment); and (6)
operative surgical debridement (in the operating room) of
the wound was all that was required to achieve closure,

Statistical analyses were performed using a personal
computer running SPSS 11.0 (SPSS, Inc, Chicago, IL) for
Windows 98 (Microsoft, Inc., Redmond, WA), Two-tailed
unpaired Student ¢ tests were used to analyze continuous
numeric data, including age, duration of diabetes, and
HbA 1c measurements, whereas the Mann Whitney U (Wil-
coxon rank sum) test was used to analyze categorical data,
including gender, hypertension, obesity, lipid-lipoprotein
levels, smoking status, insulin dependence, and ulcer grade.
Statistical significance was defined at the 5% (P = .05)
level,

Results

A total of 100 patients were determined to be eligible for
participation in the investigation and, in accordance with the
random allocation protocol, 50 of these were allocated ST
and the other 50 to ST combined with HBOT. The overall
mean duration of follow-up was 92 * 12 weeks. The
baseline characteristics of the treatment groups are de-
picted in Table 3. In the ST group there were 50 patients,
and the female-to-male ratio was 23:27, their mean age was
63,00 = 9,15 years, and their mean duration of diabetes was
15.88 * 5.56 years. In the HBOT group, there were 50
patients, and the female-to-male ratio was 13:37, their mean
age was 58.1 & 11.03 years, and their mean duration of
diabetes was 16,90 = 6.24 years, There were no statistically
significant differences between the groups in regard to age,
duration of diabetes, the type and treatment of their diabe-
tes, hypertension, lipid-lipoprotein levels, and nlcer grade,




TABLE 3 Baseline characteristics of the cohort by treatment
groups (N = 100)*

Independent variable ST (n = 50) HBOT P
(n = 50) valuet
Male gender 27 (54) 37(74) <.056
Age, y 63.3+9.15 58.1=11.03 >.05
Duration of diabetes, y 15,88 556 16.9 = 6.24 >.05
Hypertension, yes/no 28 (56) 32 (64) >.08
Obesity, body mass 23 (48) 40 (80) <.08
index > 30
Current cigarette 20 (40) 36(72) <.05
smoker}
High lipid-lipoprotein 27 (54) 31(62) >.05
level§
Glycosylated 8729 80x1.9 >,08
hemoglobin (mg/dL)
Insulin dependent 45 (90) 41 (82) >.05
(ves/no)
Ulcer grade]|
2 12 (24) 6(12) >.05
3 18 (36) 19 (38) >,05
4 20 (40) 25 (80) >,05

Abbreviations: ST, standard therapy, HBOT, hyperbaric oxygen
therapy.

*Results presented as elther mean *+ SD for continuous numeric
data, or count and percent for categorical data.

TProbability of the null hypothesis calculated using 2-tailed, un-
paired Student ¢t test for continuous numeric data and the Mann
Whitney U (Wilcoxon rank sum) test for categorical data.

FCurrent smokers = active smokers or those who had quit within 2
months of presentation.

§High lipid-lipoprotein levels = triglyceride = 180 mg/dL, choles-
terol = 200 mg/dL, and low-density lipoprotein = 160 mg/dL,
|Adapted from Wagner (21), Table 2.

Statistically significant differences were identified between
the proportion of males, obese patients, and smokers, all of
which were more prevalent in the HBOT group (Table 3),
When we compared the result of ST to ST + HBOT, a
number of statistically significant findings were made (Ta-
ble 4). Specifically, there were zero (0%) patients in the ST
group who healed without surgery performed in the oper-
ating room, versus 33 (66%) of the patients in the group
receiving HBOT healed without going to the operating
room. To achieve wound coverage and healing, 50 (100%)
of those in the ST group required either operative debride-
ment in the operating room, an amputation, or the use of a
flap or skin graft; whereas 8 (16%) of those in the group
receiving HBOT required these forms of surgical manage-
ment, In regard to distal (distal to the MTPJ level) versus
proximal (proximal to the MTPJ level) amputation, 24
(48%) of those in the ST group underwent distal amputation
whereas 17 (34%) of them required proximal amputation, In
the group receiving HBOT, 4 (8%) underwent distal ampu-
tation, and zero (0%) required proximal amputation. In
regard to observing no change in wound healing, zero (0%)
patients in the ST group and 9 (18%) in the group receiving

HBOT displayed this outcome over the course of the ob-
servation period. Although all of these findings were statis-
tically significant when nonparametric null hypothesis tests
were calculated, the association with the risk factor vari-
ables changed considerably (>10%) when univariate and
multiple variable logistic regression equations were com-
puted for ulcer grade and HBOT, indicating confounding
between these variables (results not shown).

Discussion

It is generally understood that tissue hypoxia can be a
significant factor in the etiology of nonhealing foot ulcers in
diabetic patients. Through its correction of peripheral isch-
emia, HBOT may be useful in promoting healing when
other modalities fail (17, 20, 22), To this end, HBOT
promotes healing in a variety of ways. First, the oxygen
gradient that is produced by HBOT promotes the formation
of new vessels required for wound healing, and increases
fibroblast proliferation and collagen production (15, 17-19).
In addition, HBOT has bactericidal and bacteriostatic ef-
fects on both aerobic and anaerobic bacteria through the
action of the super oxide enzyme, which acts more rapidly
at high oxygen tensions (=30 to 40 mm Hg) (20), HBOT
has also been shown to have synergistic effects with ami-
noglycosides, trimethoprim, nitrofurantoin, and sulfisox-
azole (23). Furthermore, hyperoxic vasoconstriction that
takes place during HBOT reduces capillary pressure and
increases vascular permeability. The resulting decrease in
transcapillary fluid transfer increases extravascular fluid re-
sorption, which reduces lower extremity edema (20, 24).

In animal studies, Niinikoski has demonstrated that
wound healing was an oxygen dependent process by mea-
suring transcutaneous oxygen pressure TcPO, (13, 14). By
employing the same technique, Sheffield (17) demonstrated
that chronic tissue hypoxia could be corrected by HBOT,
Guidelines based on transcutaneous oximetry and ulcer
grade classification can be used to aid the clinician in
determining which patients are suitable candidates for
HBOT (14, 15, 22, 23), In clinical investigations, some
clinicians used transcutaneous oximetry only for follow-up,
after initially basing their decision on wound grade and
other factors. The Wagner classification (21) is commonly
used to grade severity of diabetic foot ulcers, although the
system can be criticized for lacking sensitivity and speci-
ficity, and for not taking into consideration differences
between neuropathic and vasculopathic diabetic foot ulcers.
Wyss et al (25) have demonstrated that wound healing can
be hindered in conditions involving decreasing transcutane-
ous oxygen levels. Despite efforts to provide guidelines
regarding the use of HBOT, many clinicians still rely on
clinical acumen rather than transcutaneous oxygen measure-
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TABLE 4 Outcomes by intervention and ulcer grade (N = 100)*

Outcomet Ulcer grade 2 (n = 18) Ulcer grade 3 (n = 37) Ulcer grade 4 (n = 45)
ST(h=12) HBOT(n=6 P ST{(n=18) HBOT(h=19) P ST(h=20) HBOT (= 28 P
count (%) count (%)  valuef count (%) count (%6) valuet  count (%) count (%) valuef
Healed (n = 33) 0 6 (100) <.05 0 13 (68) <08 0 14 (56) <.05
Graft or flap (n = 4) 0 0 —§ 0 0 — 0 4 (16) <.05
Distal amputation 4(33) 0 <05  17(94) 1(8) <.05 3(15) 3(12) <.05
(n = 28)
Proximal amputation 0 0 —8§ 0 0 —_ 17 (85) 0 <.05
(n=17)
Debridement {n = 9) 8 (67) 0 <,05 1(6) 0 <.05 0 0 —
No change (n = 9) 0 0 —§ 0 5 (27) <.05 0 4(16) <.05

Abbreviations: ST, standard therapy; HBOT, hyperbaric oxygen therapy.

“Results presented as count and percentage.

tOutcomes: Healed = complete closure without debridement in the operating room, Graft or flap = graft or flap closure required, Distal
amputation = amputation distal to metatarsophalangeal joints, Proximal amputation = amputation proximal to the metatarsophalangeal
joints, Debridement = standard therapy wound debridement, Debridement = operative surgical debridement (in the operating room) of the
wound was all that was required to achieve closure, No change = failure to heal during the course of treatment,

$Probability of the null hypothesis calculated using the Mann Whitney U (Wilcoxon rank sum) test.

§No matching, n = 0, in this subcategory.

ments to determine when a patient could benefit from the
use of HBOT (22).

In our study, ulcers were categorized in accordance with
Wagner’s classification, Importantly, and likely due to ran-
domization, a statistically significant difference in the base-
line severity of the ulcers was not observed between the
treatment groups (Table 3). Interestingly, however, there
was a higher prevalence of males, obese patients, and smok-
ers in the HBOT group and, despite these traditionally
harmful risk factor variables (in regard to wound healing),
those in the HBOT group fared more favorably than did
those in the ST group (Table 3). This supports the idea that
HBOT has a strong beneficial effect on wound healing in
diabetic patients since, even in the presence of risk factors
that are typically harmful, more patients healed their lower
extremity wounds (Table 4),

Despite our use of treatment allocation via randomiza-
tion, a number of potential limitations may have biased our
results. For instance, we did not distinguish between foot
ulcers that were primarily attributable to ischemia versus
those attributable to both peripheral ischemia and prolonged
pressure that went undetected due to neuropathy. Moreover,
we did not examine the relationship of complications and
the cost of the different therapeutic interventions in regard
to the outcomes. We are also not able to explain, beyond
chance, the statistically significant differences observed be-
tween the treatment groups in regard to the baseline char-
acteristics of the patients,

In conclusion, this study showed that the use of HBOT in
the treatment of diabetic foot ulcers statistically signifi-
cantly improved the prevalence of healing in foot ulcers
of diabetic patients. HBOT also diminished the prevalence
of amputations, and when amputation was required, none of
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the amputations were localized proximal to the MTPJs,
Moreover, HBOT appears to reduce the need for costly and
technically more involved surgical interventions, such as
skin flaps and grafts, as well as amputations and debride-
ments that require the operating room, We believe that
HBOT is a useful adjunct in the treatment of nonhealing
diabetic foot ulcers, and that the cost of HBOT itself will be
reduced as it becomes more widely available in the clinical
setting, and as further knowledge of its other advantages,
such as limited side effects and relative safety, become more
widely appreciated.
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