Computerized planimetry evaluation of hyperbaric oxygen therapy
in the treatment of diabetic foot
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Introduction

According to estimated values, diabetes mellitus affects
5% of the world’s population, and the number is system-
atically growing. The estimated number of diabetic pa-
tients in Poland ranges between 1.5 and 2 million.! One
of the most serious complications of diabetes is diabetic
foot. Diabetic foot is a complex of acute and persistent
symptoms occurring in patients suffering from long-last-
ing not compensated diabetes mellitus, related to damages
in foot vascular and nervous system, as well as a tendency
to delayed wound healing, infection or gangrene of the foot.
Two main risk factors that cause diabetic foot ulcer are dia-
betic neuropathy and micro as well as macroangiopathy.?

Diabetic foot ulcer is one of the major complications
of diabetes mellitus. It occurs in 15% of all patients with
diabetes and precedes 84% of all lower leg amputations.®
The probability of lower extremity amputation in diabetic
patients is approximately 25 times higher than in patients
with a vascular risk. Every 5 out of 6 amputations due
to the lower extremity vascular dysfunction is performed
in diabetic patients.*

Complications connected with diabetic foot, such as dif-
ficulties in healing wounds, or non-healing ulcers, wet and
dry gangrene of soft tissue as well as foot osteitis, could
lead to the necessity of amputating fingers, metatarsal ne-
crotic bones or even the whole foot.*> Nowadays, the com-
bined treatment of diabetic foot is recommended including
conservative treatment, revascularization of lesion area
(stents, bypasses), surgical treatment including wound de-
bridement (necrotic tissue demarcation, soft tissue inci-
sion, purulence cistern drainage, often resections within
foot skeletal system, and amputations as well), empiric
antibiotic therapy, and subsequently targeted therapy and
hyperbaric oxygen therapy (HBOT). Hyperbaric oxygen
therapy was defined as a medication by Gottlieb in 1977.°
Diabetic foot syndrome is accepted as an indication for
therapy in hyperbaric chamber by European Committee
of Hyperbaric Medicine (ECHM) and Undersea and Hy-
perbaric Medical Society (UHMS) as well.”®

Material and methods

The study comprised a group of 94 patients with vascular
disorders caused by the diabetic foot ulcers, among them
30 female (32%) and 64 (68%) male, in the age between
33 and 76 years (mean age 42 years) who underwent HBOT
at the Oxygen Therapy Ward of the Center for Burns Treat-
ment in Siemianowice Slgskie between June 2012 and De-
cember 2015. Diabetes mellitus history of patients reported
in medical records was between 1.5 and 32 years before
starting hyperbaric oxygen therapy.

Depending on the pathogenic background of diabetic foot
syndrome, the patients were divided into 2 groups: ischemic
diabetic foot syndrome (50 patients) and neurogenic diabetic
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foot syndrome (44 patients), without any significant differ-
ences between them regarding sex and age of the patients,
as well as the time of diabetes mellitus history.

In 9 patients with ischemic diabetic foot syndrome (9.6%
of the whole group), blood flow disturbances of signifi-
cant grade in lower extremity arteries with the symptoms
of peripheral ischemia, diagnosed by Doppler ultrasonog-
raphy and angio-CT, were observed. They were caused
by advanced atherosclerosis. Among those patients, 5 (5.3%
of the whole group) were subjected to vascular procedures
(bypass — 2 and stent — 3) prior to HBO therapy.

Oxygen hyperbaric therapy procedure

After qualification basing on transcutaneous oxymetry
examination, HBOT was carried out in a multiplace hyper-
baric chamber once a day, 5 times a week. The treatment
protocol consisted of 60 min lasting periods of inhalation
of 100% oxygen at a pressure of 2.5 ATA, interspersed with
2 “air breaks” lasting 5 min, after each 30 min of inhala-
tion. A cycle of HBOT consisted of 30 to 60 procedures,
depending on the healing results.

Evaluation of healing process

The course of healing was evaluated by computerized
planimetry (IRIS-4 system, manufactured by Medi.Com,
Wroctaw, Poland). This method is based on the wound’s
digital picture evaluation with a determination of the pa-
rameters listed below: wound perimeter (O), wound sur-
face (S), distance between maximally outlaying points
on wound edge (d), wound circularity (near-circle level
of wound shape with values 0—1, where 1 means circle)
(C). Pictures of the wound were taken every 5 to 7 days
of therapy. From 3 to 7 measurements (mean 4) were per-
formed for 1 patient.

Statistical analysis

Statistical analysis has been performed with the use
of STATISTICA v. 6.0 software (StatSoft Inc., Tulsa, USA).
A x”test has been used to determine the significance of dif-
ferences of non-parametric variables in both groups, while
for the analysis of differences between the values of ulcer
surface before and after treatment in each group, as well
as between both groups, an analysis of variance with
the subsequent Mann Whitney U test has been carried
out. In all analyses, the significance level was set at p < 0.05.

Results

The results of HBOT of skin ulcer in patients from both
groups are presented in Table 1. As a result of the treat-
ment, ulcer healing was completed without any amputa-
tions in 26 (27.7%) patients (14 patients with ischemic foot
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syndrome and 12 with neurogenic foot syndrome). Topi-
cal status of wound was significantly improved (wound
was cleaned out from necrotic tissue and decontami-
nated) in 37 (39.4%) patients (20 patients with ischemic
foot syndrome and 17 with neurogenic foot syndrome)
who completed the whole cycle of the HBOT. In the group
of patients with topical status improvement, a planimetric
examination demonstrated a decrease of wound surface
by 34% on average, compared with the results of initial
planimetric examination before the beginning of HBOT.
A total of 10 patients (10.6%) (5 patients with ischemic
foot syndrome and 5 with neurogenic foot syndrome) dis-
continued HBOT after 1 to 19 exposures due to the dete-
rioration of health status (laryngological complications
— 6 patients, exacerbation of chronic circulatory insuf-
ficiency symptoms — 3 patients, claustrophobia — 1 pa-
tient), while 5 (5.3%) patients (2 patients with ischemic
foot syndrome and 3 with neurogenic foot syndrome)
discontinued therapy arbitrarily, without giving any rea-
son. In those patients, a planimetric examination showed
an improvement of topical status, resulting in a decrease
of ulcer surface by 5% to 32% (mean 17.7%). In 14 (14.9%) pa-
tients (8 patients with ischemic foot syndrome and 6 with
neurogenic foot syndrome) no topical improvement of ul-
cer surface was observed. In 2 (2.1%) patients (1 patient
with ischemic foot syndrome and 1 with neurogenic foot
syndrome) the topical status of the wound became exac-
erbated — the ulcer surface increased by 9% on average,
compared with the results of planimetric examination
before the beginning of HBOT. The statistical analysis
performed with use of x* test confirmed that the results
of treatment in both groups did not differ significantly
(x?= 0.197, X% = 7.815; p > 0.05).

In 11 (11.6%) patients (7 patients with ischemic foot
syndrome and 4 with neurogenic foot syndrome) due
to the lack of healing during HBOT cycle, amputations
were performed of fingers and metatarsal necrotic bones,

Table 1. Therapeutic effect of HBOT in patients with skin ulcer in the course of both types of diabetic

foot syndrome

e Il I
Ischemic 14 27 8
Neurogenic 12 25 6
Total 26 5 14

Topical

exacerbation

q

while in 9 (9.6%) patients (6 patients with ischemic foot syn-
drome and 3 with neurogenic foot syndrome) amputations
which were initially planned at the beginning of the treat-
ment were prevented by hyperbaric oxygen therapy.

The final comparison of the average ulcer surface (mean
value +SD) before and after HBOT in patients with isch-
emic and neurogenic foot syndrome is presented in Table 2.
The statistical analysis confirmed a significant decrease
in the average ulcer surface after HBOT both in patients
with ischemic foot syndrome (p = 0.004) and in patients
with neurogenic diabetic foot syndrome (p < 0.05). The av-
erage relative changes in ulcer surface values observed after
the end of HBOT in both groups (45.3% in ischemic type
and 41.8% in neurogenic type of diabetic foot syndrome,
respectively) did not differ significantly (p > 0.05).

The obtained results proved that HBOT is an efficient
method of treatment of topical lesions in both types of dia-
betic foot syndrome.

In Fig. 1-4, examples of topical status improvement es-
timated by computerized planimetry of ulcer dimensions
in 3 patients with a diabetic foot ulcer exposed to com-
bined treatment, including HBOT were presented.

Discussion

The results of the present study confirm findings reported
in previous randomized, both double-blind and unblinded
trials that HBOT enhances foot ulcer healing in patients
with a diabetic foot.>!2 Our healing rate following HBOT
estimated immediately after completing hyperbaric oxygen
cycle is in agreement with the aforementioned studies.

The incidence of previous vascular intervention
at the time of randomization in our patients (9.6%) was
much lower than in studies conducted by other authors:
38% and >50%, and this could explain the better results
in long-term follow up obtained in those trials.!>13

Our findings are in agreement
with some studies which have shown
the beneficial effect of HBOT in pre-
venting amputations.!01413

Due to Henry’s law, the application
of hyperbaric oxygen therapy causes

50

" a 15-fold increase in oxygen pressure
in blood plasma (under therapeutic

94

Table 2. Comparison of the average ulcer surface (mean value +SD) before and after HBOT in patients

with ischemic and neurogenic foot syndrome, with statistical analysis

pressure of 2.5 ATA) with concomi-
tant 100% oxygen saturation of he-
moglobin. Therefore, during HBO
compared to normobaric conditions,
pO, gradient between the wound’s

Ulcer surface before Ulcer surface after

Type of diabetic foot

edge and the center increases

syndrome HBOT [mm?] HBOT [mm?] .
significantly.
Ischemic 5224 +108.7 285.8 +90.4 *p < 0.001 Computerized planimetry enables
Neurogenic 509.3 £99.6 296.2 +82.8 *p < 0.001 an objective assessment of the heal-
Statistical significance *p=0.540 *p=0.562 ing process of wounds, based

* before and after treatment in particular groups; * comparison between both groups. on the evaluation of wound surface,
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V1
0=64,95mm
§=109,25mm?2
d=26,78mm
€=0,33

Fig. 1. Patient with diabetic foot ulcer (6 months) - the topical state before the beginning of combined treatment including HBOT with evaluation

of wound dimensions by means of computerized planimetry; O — wound perimeter; S — wound surface; d — distance between maximally outlaying points
on wound edge; C — wound circularity (near-circle level of wound shape with values 0-1, where 1 means circle)

Fig. 2. The topical state after 36 procedures of combined treatment including HBOT - visible complete healing of the wound
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Fig. 3. Patient with diabetic foot ulcer (2 years) after amputation of right foot fingers ll-IV — the topical state before the beginning of combined treatment
including HBOT with evaluation wound dimensions by means of computerized planimetry; O — wound perimeter; S — wound surface; d — distance between
maximally outlaying points on wound edge; C — wound circularity (near-circle level of wound shape with values 0-1, where 1 means circle)

W1
0=6141mm
$=11051mm2
d=20,34mm
C=0,37

Fig. 4. The topical state after 45 procedures of combined treatment including HBOT with evaluation wound dimensions by means of computerized

planimetry; O — wound perimeter; S — wound surface; d - distance between maximally outlaying points on wound edge; C — wound circularity (near-circle
level of wound shape with values 01, where 1 means circle); visible distinct decrease of wound dimensions
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wound periphery and changes of wound size (percentage
of surface compared with previous measurement).!* Pla-
nimetry is based on precise contouring of wound edges,
using its digital image.

Monoplanar wounds of diabetic foot patients were cov-
ered by the measurement system IRIS-4. Ring-shape and
multiplanar wounds cannot be objectively evaluated by this
method. Wound photographing and evaluation by IRIS 4
program enabled us to determine the precise dimension
and surface of tissue defects. The implementation of cyclic,
timed documentation using high resolution digital imag-
ing and data formulating in the IRIS system, demonstrated
a gradual decrease of its surface, even in a small range, and
objectified our clinical observation, allowing us to evaluate
even discrete lesions in a wound.

Introducing a complex treatment of diabetic foot ulcer
into clinical practice, combined with hyperbaric oxygen,
offers an opportunity for a quick recovery and an active
life, and reduces a budget load due to long-term therapy.!®
But one must remember that oxygen hyperbaric therapy
cannot be considered as treatment of choice, as it is only
an adjuvant method for basic conventional therapy of dia-
betic foot patients.

Conclusions

The application of HBOT in the treatment of diabetic
foot enhances foot ulcer healing confirmed by computer-
ized planimetry evaluation, both in the case of ischemic
and neurogenic type of diabetic foot syndrome, it reduces
tissue damage, contributes to the reduction of complica-
tions related to soft tissue and bone infections, and there-
fore enables idiopathic closure of wound.
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