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1 | INTRODUCTION

Chronic nonhealing wounds are a major health problem resulting in
increasing health care costs.! According to Lazarus and colleagues, a
chronic wound can be defined as healing failing to proceed through
an orderly and timely process to produce anatomic and functional

Abstract

The present article evaluates the results of the treatment with adjuvant hyperbaric
oxygen therapy (HBOT) of patients with nonhealing, chronic wounds. In the period
2013 to 2016, 248 patients were referred from various hospitals because of chronic
wounds that were recalcitrant in healing despite standard wound care as described in
national and international guidelines. After inclusion, all patients were treated with
HBOT and subjected to a weekly standard wound care treatment. During each HBOT
session, 100% O, was administered for 75 minutes under increased pressure of 2.4
ATA. Wounds and quality of life were assessed before and after the total treatment
period. A total of 248 patients have been evaluated. Diabetic foot ulcers were pre-
sent in 134 patients, the remainder (114 patients) showed a variety of wound loca-
tions and etiologies. The number of HBOT treatments amounted to an average of
48 (range 20-68) sessions. Before referral to our clinic, 31% of all wounds had existed
for at least 18 months (72 patients). After HBOT, 81% of all wounds were near com-
plete healing or completely healed, in 13% of the cases the wound was stable, and in
2% minor or major amputation had to be carried out. The mean treatment time for
wounds pre-existing fewer than 6 weeks (“early referrals”) was 67 days, and
119 days for wounds pre-existing more than 18 months (“late referrals”). A majority
of the patients in our study referred with nonhealing wounds clinically improved
when adjuvant HBOT was added to standard wound care protocols. No differences
in success rate were seen between diabetic and nondiabetic wounds. It showed that

HBOT is a well-tolerated treatment.

integrity, or to proceed through a repair process without establishing
a sustained anatomic and functional result.? In the Netherlands, the
prevalence of chronic wounds amounts to circa 5.4% for clients in
nursing homes and 3.7% in the homecare setting.® Wounds frequently
become infected, due to great morbidity, and are frequently the first
step to lower extremity amputation.* Moreover, chronic wounds are
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usually the cause of a decreased quality of life as a result of pain,
insomnia, and immobility.5

According to Mustoe and collegues, more than 90% of all wounds
can be classified in one of the following three categories: diabetic foot
ulcers, venous ulcers and pressure ulcers. Despite these different eti-
ologies they identified four common contributing factors that increase
the likelihood of wounds becoming chronic: ischemia, older age of
patients, ischemia/reperfusion, and bacterial contamination.®

Based on the above theory, hyperbaric oxygen therapy (HBOT)
may have a positive effect on healing of, all wounds, not merely dia-
betic wounds.””? In addition to the evident hyperoxia, the effect of
HBOT can be summarized as follows: reduction of edema,*® phagocy-

1 10

tosis activation,'* anti-inflammatory effects,'® neovascularization,*?

osteoneogenesis,!!  stimulation of collagen formation by
fibroblasts, 2% reduction of ulcer hypoxia,'? increased erythrocyte
deformability,12 antimicrobial effects, and a significant increase in
mobilization of stem cells from the bone marrow.’® An abstract by
Sorice and colleagues concluded that HBOT has an immediate effect
on the microcirculation, both on arterial and venous level, and this
appears to be cumulative and sustained.'* Significant angiogenesis
could already be measured after eight HBOT sessions.'®> Altogether,
these factors accelerate the process of wound healing, irrespective of
the origin of the wound.*®*® HBOT has already proven to be effec-
tive in healing diabetic ulcers,® late radiation-induced tissue

1920 necrotic soft tissues,® chronic therapy refractory

toxicity,
osteomyelitis,® and ischemia-reperfusion injury.?!

Patients referred to our center for treatment with hyperbaric
oxygen, had been fully examined and treated in the referral hospital.
Despite this full treatment regimen, patients showed no healing and
therefore we may consider the period during which the patients
were treated in the referral hospital as a benchmark or control
group.22 The results of patients with (chronic) wounds treated with
HBOT will be evaluated in this article together with an analysis of
possible differences in healing rates between patients with and

without diabetes.

2 | METHODS

All patients with chronic nonhealing wounds referred to our clinic
from 2013 to 2016 who underwent a minimum of 20 HBOT sessions
were prospectively evaluated. Patients were referred from various
specialisms, including vascular surgery, plastic surgery and orthopedic

surgery. Prior to referral, a thorough vascular examination had been
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conducted and if arterial or venous vascular disease was found revas-
cularization was performed, if possible. Patients were only referred if
no sufficient healing (a period of at least 3 months taken as the stan-
dard) was observed after optimal wound care in accordance with the
national guidelines (www.wcs.nl), or if a wound deteriorated dramati-
cally and the principle of stepped care was no longer an option.

No ethical approval or patient consent applied because non-
healing wounds are a treatment indication for hyperbaric oxygen
treatment and the questionnaires (EQ-5D) were distributed as part of
the regular treatment evaluation.

The primary study criterion was healing of the wound (100% wound
surface healing percentage), assessed at the moment of discharge from
our clinic. Patient Related Outcome Measures (PROMs) were also
assessed by means of the EQ-5D questionnaire (www.eurogol.org).

Wounds were classified by the duration of their existence prior to
referral to our clinic, in weeks/months (Table 1). In addition, diabetic
wounds were classified according to the Texas classification®® at
intake. Finally, due to a lack of an international recognized classifica-
tion, a self-composed outcome classification was used. This 6-point
classification (Table 2) consists of the following items: 1: wound is
completely healed, 2: wound near complete healing, 3: wound is sta-
ble, 4: wound has deteriorated, 5: minor amputation, and 6: major
amputation. Amputation was carried out in cases of fast deterioration
of the wound at the discretion of the referral vascular surgeon. This
makes for a uniform outcome evaluation for diabetic and nondiabetic
wounds. The outcome classification category 2 (wound is near com-
plete healing) applies when the following conditions are met: wound
surface healing percentage >80%, depth wound maximal 0.5 cm,
100% tissue granulation, no clinical infection, and epithelization of all
wound edges. After HBOT treatment, patients soon return to their
referring physician for further healing of the wound. The category
conditions of the outcome classification were chosen in line with
Wicke and colleagues: the reduction in wound surface over time can
be used as a prognostic tool for final wound closure. Their study
showed a sensitivity of at least 90% when the wound surface showed
a >80% decrease within the first 12 weeks of treatment.?* A study by
Sheehan, Cardinal, and collegues also indicated a reduction of final
wound healing using early healing rates.?>2%

The correlation between the wound evaluation score and mobil-
ity, self-care, activity, pain, and anxiety in the statistical analysis (SPSS,
version 26) was calculated by means of the Fisher exact test. Statisti-
cal differences in wound evaluation between diabetic and nondiabetic
wounds were also calculated. A P-value less than .05 is considered as

statistically significant.

TA'B LE 1 Total duration (dayfs) in our Diabetic foot (n) Non-DM (n) -

clinic per wound category (duration of

the wound prior to referral to our clinic) Acute wound, 0-3 wk 84 43 67
Subacute wound, 3-6 wk 80 72 79
Complex wound, 1.5-3 mo 118 95 108
Complicated wound, 3-18 mo 108 95 103

Highly complicated wound, >18 mo 124 115 119
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TABLE 2 Percentage of positive wound outcomes per wound
category (defined as duration of the wound prior to referral to our
clinic)

Wound healed/
near complete
N healing
Cat 1: Acute wound, 0-3 wk 7 86%
Cat 2: Subacute wound, 3-6 wk 22 91%
Cat 3: Complex wound, 1,5-3 mo 43 91%
Cat 4: Complicated wound, 100 75%

3-18 mo

Cat 5: Highly complicated
wound, >18 mo

76 (31%) 79%

21 | Hyperbaric oxygen therapy

HBOT treatment consisted of an average of 48 sessions (range 20-68)
(1 session a day/5 days a week) in a multiplace (20-person) hyperbaric
chamber. In total, 75 min of 100% oxygen was administered to
patients under increased pressure of 2.4 atmospheres absolute during
a 110-minutes hyperbaric session. At this pressure, 100% oxygen was
delivered via an oronasal mask in three episodes of 20 minutes, each
interrupted by 5 minutes of air breathing. The fourth period takes
15 minutes and connects into the ascent when patients also get 100%
oxygen for the first 7 m. During pressure changes, great care was
taken to avoid barotraumas, particularly of the middle ear, which is
the most common complication of a hyperbaric treatment.2” If pres-
sure equalization failed frequently, myringotomy with tympanostomy
tubes were placed by the ENT surgeon.

2.2 | Quality of life questionnaires

Patients completed the EQ-5D health status questionnaire. Question-
naires were supplied at the start of the treatment, in the last week of
HBOT and at the end of the treatment in the outpatient wound clinic.
Patients who did not indicate any complaints at the start of treatment

were not analyzed.

3 | RESULTS

A total of 248 patients were available for evaluation. Table 3 presents
the baseline characteristics of the study population. Table 4 shows
the referring specialties; the vast majority of all treated patients were
referred by the surgery department. The number included 134 patients
with diabetic foot ulcers and 114 nondiabetic patients with a variety
of wounds. Overall, at the moment of discharge from our center, 81%
of the wounds were healed completely or nearly completely
(Figure 1A/B). In 13%, the wound remained stable. A minor or major
foot amputation was required in about 2% of all cases (Table 5).

Looking at the duration of the treated wounds, 31% existed for over

TABLE 3 Patient characteristics (n = 248)
Diabetic Nondiabetic
Total wounds, N  wounds, N
Male/female 153/95 99/35 54/60
Mean age (years) 66
Nondiabetic wounds 114 Arterial: 19
Venous: 10

Combined AV: 4
Pressure ulcer: 3
Preoxygenation
(before graft
transplant): 4
Radiation wounds: 13
Osteomyelitis: 25
Surgical wounds: 16
Traumatic wounds: 14
Other wounds: 16

Texas classification 134
1 27
41
66 (49%)
30
31
34
26

O 0O ™ > W N

TABLE 4 Wound patient characteristics (n = 248): referring
specialties

n %
Vascular surgery 215 86.7%
Plastic surgery 9 3.6%
Orthopedics 4 1.6%
Internal medicine/oncology 2 0.8%
ENT (ear, nose, throat) 3 1.2%
Family practice 14 5.7%
Radiation-oncologist 1 0.4%

18 months prior to referral to our center (Table 3). The average total
treatment time in the clinic was 107 days, ranging from 67 days for
patients with acute wounds to 119 days for highly complicated
wounds existing for more than 18 months prior to referral (Table 4).
On average, 48 hyperbaric oxygen treatment sessions were adminis-
tered. The total treatment time was longer than the number of HBOT
sessions would presume, because many patients were not able to
accomplish the full series of HBOT without an interruption (eg, illness,
social obligations, and holidays). Furthermore, wound healing was
monitored for a maximum of 4 weeks after finishing HBOT to assure
that wound progression was sufficient (near-complete healing). Only
then were the patients sent back to the referring specialist.

With respect to the EQ-5D, 147 to 150 completed questionnaires
could be analyzed before and at the end of the wound treatment in the
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FIGURE 1 Wound examples from the
outcome classification category 2 of the A
6-point classification
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TABLE 5
to 2016

Wound outcomes 2013 Wound evaluation

Minor amputation

o A WN -

Major amputation

outpatient clinic, with the exception of the patients without complaints
at the start of treatment. Mobility, self-care, activity, pain, and anxiety
were stable or improved at least by 1 point (on a scale of 1-5) in 98%,
92%, 91%, 95%, and 98%, respectively. Statistical testing showed no
significance in the correlation of wound evaluation score with mobility,
self-care, pain, and anxiety. There were no statistical variants in wound
evaluation between diabetic and nondiabetic wounds.

Side effects of HBOT amounted to 11% in total (incidences out
of the total number of treatments administered), mostly concerning
nonsevere reversible barotraumas of the ear.

4 | DISCUSSION

The present study evaluates the results of the treatment of

patients referred for hyperbaric oxygen treatment because of

Wound healed completely
Wound condition near complete healing
Wound is stable (little to no improvement)

Wound condition deteriorated

DM Non-DM P

84/248 33.9% 313% 36.8% .52
116/248 46.8% 522%  40.6%

32/248 129%  7.5% 19.3%

6/248 2.4% 2.2% 2.6%

6/248 2.4% 3.7% 0.9%

5/248 2.0% 3.0% 0%

chronic wounds that proved to be resistant to healing for a period
longer than 3 months, despite optimal standard wound care in the
referral hospital. Among this selection of patients, an improvement
in wound healing after HBOT was observed for 81% of all wounds
that resulted in nearly complete or fully completed healing. Given
the fact that there is scarcely any literature on the effects of
HBOT on nondiabetic wounds, the presented results have at least
shown similar positive effect of HBOT compared to diabetic
wounds in the treatment results. This is promising, as we have
hypothesized, based on the contributing factors for wound healing
discussed by Mustoe and collegues discussed.® In the literature
there is still controversial evidence of hyperbaric medicine in
woundcare. 2833

The present study did not make use of a placebo group, and it
may be argued that observed changes were due to factors other than

hyperbaric oxygen treatment, which is a limitation of the current
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study. However, the inclusion criteria were chronic wounds that
proved to be resistant to healing for a period longer than 3 months
despite optimal standard wound care, and as such this functions as a
benchmark or control group.

A randomized clinical trial at Lund university examined 94 patients
with wounds that pre-existed for at least 3 months. Complete healing
of the index ulcer in 37 patients at 1-year follow-up amounted to
52% in the hyperbaric oxygen treatment group and to 29% in the pla-
cebo group (P = .03).3* We have obtained 81% of the wounds being
near complete healing or completely healed.

Impaired wound healing in the diabetic foot is multifactorial.
HBOT accelerates wound healing, ultimately leading to a higher qual-

35-37 which also bears out in the EQ-5D results presented,

ity of life,
even though it lacks significance. Improved healing and reduced
amputation rates were the most common outcomes observed in the
review by Bishop and Mudge,*® including studies by Duzgun®® and
Kessler.*® Up to 12% of all diabetic foot ulcers may lead to amputa-
tion.?> The present study reports a total of 4% amputations (both
minor and major). HBOT has been associated with a significant risk
reduction of above-the-ankle amputations.3?*? Faglia et al concluded
from their application of a multidisciplinary therapeutic protocol
including HBOT that it is effective in decreasing major amputations in
diabetic patients with severe ischemic foot ulcers*' The present
research added dedicated wound care consisting of frequent wound
debridement, using adequate wound dressings and anticipating an
improvement in wound healing. Recently, a promising animal study
was published by André-Lévigne in which the effects of HBOT were
examined in four different wound conditions.*?> Forty-four animals
received HBOT for five times a week until complete wound closure,
compared with 44 rats as a control group receiving standard dressings
only. The researchers found an increased blood flow, accelerated
wound closure, wound contraction, and re-epithelialization. Besides,
the study showed a significant increase in collagen deposition in
ischemic wounds and in hyperglycemic due to early application of
HBOT. The authors stated that this early application of HBOT might
be crucial to its efficacy. Our results confirm this hypothesis, because
wounds existing up to 3 months showed increased healing compared
to wounds existing for more than 3 months. Included were wounds
existing up to 3 months, when they were in such a deteriorated condi-
tion that the principle of stepped care does not apply and the treating
doctor had referred these patients to our clinic. Nevertheless, there is
still a positive effect to be achieved with these patients. With patients
with wounds existing for more than 3 months, the wound healed or
was near complete healing in 75% to 79% in this study.

Hammarlund et al evaluated the effect of hyperbaric oxygen in a
randomized double-blind study of 16 nondiabetic, chronic leg ulcers
with no large vessel disease. They found a significant decrease in the
Another
Thistlethwaite et al studied hyperbaric oxygen for nonhealing venous

wound area.*® randomized double-blind study by
leg ulcers. The researchers found a significant difference in ulcer area
reduction after 12 weeks compared to a placebo group, 95% versus

54%.* The results are compliant with the results we presented in

nondiabetic wounds, although up to this date hardly any literature is
available on the effects of HBOT on nondiabetic wounds.

Side effects of HBOT were comparable to results published by Plafki
et al, who reported an incidence of 17% for ear pain or discomfort, while
oxygen toxicity of the central nervous system affected 4 patients out of
782 patients during the 11 376 hyperbaric oxygen sessions evaluated.*®
Most of the side-effects are minor and self-limiting.

Future research should examine the criteria of wounds who
potentially benefits the most from HBOT and determine the optimal

number of HBO treatments for chronic nonhealing wounds.

5 | CONCLUSIONS

The present study has shown a positive effect on wound healing in a
mixed population of diabetic and nondiabetic wounds with hyper-
baric oxygen: 81% of all patients referred showed that the wound
was healed/or was near complete healing. First, in all patients, no
difference was seen between diabetic and nondiabetic wounds,
irrespective of the causative mechanism. Second, even highly com-
plicated wounds that had existed for more than 18 months showed
accelerated wound healing (79%). Last, HBOT may decrease the
need for minor or major amputations in the case of diabetic foot
ulcers in particular. Further research is needed to distinguish which
type of wounds benefits most from HBOT and to determine the

optimum number of treatments.
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