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P L A I N  L A N G U A G E  S U M M A R Y 

 

HYPERBARIC OXYGEN THERAPY FOR DIABETIC FOOT ULCER 

BACKGROUND 

Foot ulcers are a major complication of diabetes and are associated with a substantial burden 

for the patients and the entire health care system
1
. It has been estimated 1.0–1.4 million 

patients with DFU at any time in the 27 leading European countries and 21–29 million 

patients worldwide. Multiple factors are involved in the aetiology of diabetic foot ulcerations 

(DFUs), the main ones being peripheral neuropathy, external trauma and peripheral vascular 

disease
2,3

. DFUs are notoriously prone to complications and resistant to therapy. Several 

therapies have been proposed as adjuncts to traditional wound care (dressing changes, 

offloading, and debridement) to improve tissue oxygenation and enhance the healing process. 

Even with the best conventional treatment, many wounds remain unhealed. There are many 

reasons why DFUs do not heal, including oedema, anaemia  and poor perfusion, all of which 

impede normal wound healing. 

The effectiveness of HBO therapy in healing of DFU has remained controversial
4,5,6

. There 

are several reasons for the varied responses observed in research and practice. First, a 

common misconception is that HBOT works alone. HBO is an adjunctive therapy that should 

be delivered after an individualized approach with other wound care standards. Second, DFUs 

have multiple causes that affect how we should treat them and how they respond to HBOT. 

Third, HBOT is approved by Society guidelines
7,8,9,10

 and is funded by payers for Wagner III 

or higher ulcers that have failed 30-day standard therapy
11

. In reality, only recalcitrant cases 

that have persisted for a much longer time are referred to HBOT (with 1.2% of matched 

Medicare and 2.3% of matched privately insured DFU patients receiving HBOT)
3
. This report 

intends to assess the effect of HBOT on patient-important outcomes
12

 such as rate of complete 

wound  and major amputation in patients with DFU.  

REVIEW QUESTION 

Assess the effect of HBOT on patient/important outcomes such as rate of complete wound  

and major amputation in patients with DFU. 

WHAT WE FOUND 

Eleven studies have been included in this report: 8 randomised trials, 1 retrospective 

controlled study, 1 observational cohort study (for a total of 6995 participants) and 1 decision 

model. We found that HBOT in DFUs seemed to improve the chance of healing in the short 

term (up to six weeks), but there are insufficient data to confirm that this benefit is 

statistically valid with longer term follow-up. HBOT may reduce the number of major 

amputations in people with DFUs. 

This plain language summary is up-to-date as of April 07, 2016 
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BACKGROUND 

Diabetes is a complex chronic disease and its management is further complicated by other 

common comorbidities
3
. Foot ulcers are a major complication of diabetes and are associated 

with a substantial burden for the patients and the entire health care system
1
. It has been 

estimated 1.0–1.4 million patients with DFU at any time in the 27 leading European countries 

and 21–29 million patients worldwide. Multiple factors are involved in the aetiology of 

diabetic foot ulcerations (DFUs), the main ones being peripheral neuropathy, external trauma 

and peripheral vascular disease
2,3

. DFUs are notoriously prone to complications and resistant 

to therapy. Several therapies have been proposed as adjuncts to traditional wound care 

(dressing changes, offloading, and debridement) to improve tissue oxygenation and enhance 

the healing process. Even with the best conventional treatment, many wounds remain 

unhealed. There are many reasons why DFUs do not heal, including oedema, anaemia  and 

poor perfusion, all of which impede normal wound healing. Hyperbaric oxygenation therapy 

(HBOT) has been reported to decrease tissue hypoxia and is proposed as treatment for 

delayed wound healing. However the effectiveness of HBO therapy in healing of DFU has 

remained controversial
4,5,6

. There are several reasons for the varied responses observed in 

research and practice. First, a common misconception is that HBOT works alone. HBO is an 

adjunctive therapy that should be delivered after an individualized approach with other wound 

care standards (e.g., debridement, revascularization, off-loading). In practice, once patients 

are referred to HBOT, other wound care methods usually stop or decrease in intensity. 

Second, DFUs have multiple causes (e.g., ischemic, neuropathic, infectious) that affect how 

we should treat them and how they respond to HBOT. Third, HBOT is approved by Society 

guidelines
7,8,9,10

 and is funded by payers for Wagner III or higher ulcers that have failed 30-

day standard therapy
11

. In reality, only recalcitrant cases that have persisted for a much longer 

time are referred to HBOT. This report intends to assess the effect of HBOT on patient-

important outcomes
12

 such as rate of complete wound  and major amputation in patients with 

DFU. 
 

 

PREVALENCE / ANNUAL INCIDENCE 

Diabetes has a prevalence of 8,8% (7,2-11,4%). It is one of the leading causes of chronic 

disease and limb loss worldwide currently affecting 415 million people (1 in 11 adults have 

diabetes). Every 6 seconds a person dies from diabetes (5.0 million deaths). It is predicted that 

by 2040 the number of reported diabetes cases will soar to 642 million (1 in 10 adults)
13

 

(Table 1 and Figure 1)
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Table 1 Diabetes around the world
13 

(© International Diabetes Federation 

http://www.diabetesatlas.org/, accessed by web on April 6, 2016) 

 

 

 

Figure 1 Estimated age-adjusted prevalence of diabetes in adults (20-79), 2015
13

. Europe is not in 

Top Ten Countries / territories for number of people with diabetes (20-79 years) for both 2015 and for 

2040 forecast. (© International Diabetes Federation http://www.diabetesatlas.org/, accessed by web on 

April 6, 2016) 

 

In Europe, the number of people with diabetes is estimated to be 59.8 (45.1-85.6) million 

(9.1% [6.8-13.0%] of the population aged 20-79, including 23.5 million undiagnosed cases. 

While the Europe Region has the second-lowest age-adjusted comparative diabetes 

prevalence rate of any IDF region (after the Africa Region) there are still many countries with 

relatively high diabetes prevalence rates. Turkey has the highest age-adjusted comparative 

prevalence (12.8% comparative prevalence, 12.5% raw prevalence) and the third-highest 

number of people with diabetes in the Europe Region (6.3 [5.7-7.5] million), after Germany 

(6.5 [5.9-7.5] million) and the Russian Federation (12.1 [6.2-17.0] million). By 2040, it is 

predicted that there will be 71.1 million adults living with diabetes in the Europe Region. 

(Table 2). 

http://www.diabetesatlas.org/
http://www.diabetesatlas.org/
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It is reported that Europe has the highest number of children with type 1 diabetes compared 

with the other IDF regions – approximately 140,000. The European countries making the 

largest contribution to the overall numbers in type 1 diabetes in children are the United 

Kingdom, the Russian Federation and Germany
13 

 

Table 2 Diabetes in Europe : statistics in 2015 and forecast for 2040
13 

(© International Diabetes 

Federation http://www.diabetesatlas.org/, accessed by web on April 6, 2016) 

 

 

The management of diabetes is complicated by other common comorbidities. Economic 

analysis potentially understate the incremental burden of DFU, because the matching process 

removed from the analysis relatively high-cost DFU patients with higher rates of 

comorbidities and medical resource use and relatively low-cost control patients (diabetic 

patients without DFU) with lower rates of comorbid conditions and medical resource use, 

because these outliers could not be matched.
3
 (Table 3 for Medicare and Table 4 for private 

insurances) 

 
Table 3 Patient characteristics, resource utilization and health care costs during the 12 months prior to the index 

date for Medicare (January 2007-September 2011)
3
. © 2014 by the American Diabetes Association 

 
*Calculated using Wilcoxon rank sum tests for continuous variables and x2 tests for categorical variables. 

†Calculated using Wilcoxon signed rank tests for continuous variables and McNemar tests for categorical 

variables. ‡Estimated in quarter 4 of the year preceding index quarter. §Only medical costs were used, as 

Medicare data do not contain prescription drug information. US Dollar (USD) values were inflated to the 2012 

U.S. dollar using the medical care component of the Consumer Price Index. 

 

http://www.diabetesatlas.org/
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Table 4 Patient characteristics (aged 18-64 years), resource utilization and health care costs during 

the 12 months prior to the index date for private insurance (January 2007-September 2011)
3
. © 2014 

by the American Diabetes Association 

 
*Calculated using Wilcoxon rank sum tests for continuous variables and x2 tests for categorical 

variables. †Calculated using Wilcoxon signed rank tests for continuous variables and McNemar tests 

for categorical variables. ‡Estimated at index date. §Calculated as the number of prescriptions with 

unique National Drug Code codes according to the first nine digits filled. ||Includes prescriptions with 

supply in the 12 months prior to the index date, whether or not the prescription itself was filled in 

these 12 months. ¶Calculated as the sum of medical and prescription drug costs. Dollar values were 

inflated to the 2012 U.S. dollar using the medical care component of the Consumer Price Index. 

 

The prevalence of Diabetic Foot Ulcer (DFU) is 50-70 per 1000 patients with diabetes. 

Applying these rates to the estimated diabetic population of the 27 leading European countries 

(20.2 million)
14

 suggests that 1.0–1.4 million patients have a DFU at any time
15

 (Table 5). 

Applying these prevalence rates to the worldwide diabetic population in 2015, 20.75–29 

million patients have a DFU at any time. 

 

Table 5: prevalence and annual incidence of Diabetic Foot Ulcer in Europe-27 Countries
13 

(calculated in March 2016) 

                                                                      Range          Total EU-27 Countries 

Population with diabetes                                                                     20,2 million
16

 

Diabetic foot ulcers: 

 Prevalence             50-70/1000 diabetics
17 

    1,0-1,4 million 

 Incidence              20-30/1000 diabetics
 18

   400,000-600,000 

 

Approximately 80% of diabetes-related lower extremity amputations are preceded by a foot 

ulcer. The patient demographics related to DFU are typical for patients with long-standing 

diabetes. Risk factors for ulceration include neuropathy, PAOD, foot deformity, limited ankle 

range of motion, high plantar foot pressures, minor trauma, previous ulceration or amputation, 

and visual impairment
19

 Once an ulcer has developed, infection and PAOD are the major 

factors contributing to subsequent amputation
 20,21

 

Approximately 12% of people with DFU progress to lower extremity amputation
2,16,22

. The 

annual average incidence of amputation is 2.5 to 18 per 1,000 diabetics
2,16

. While toe, foot, 
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and below-knee amputations have declined over the last 15 to 20 years, there are still 65,000-

70,000 amputations performed annually
22

. DFU contribute to over half of lower extremity 

amputations in the United States in a group at risk representing only 3 per cent of the 

population
16,2,22

. In 54 to 73 percent of these cases, there is no angiogram performed despite 

the fact that angiograms can reduce the odds of amputation by 90 percent
22,23 

The relapse rate 

for DFU is 66% over five years.  

 

CLINICAL PRESENTATION 

One difficulty in analysing the existing body of literature lies in the heterogeneity of the 

patient populations being studied, the interventions being used and the outcomes being 

compared. In the arena of classification of a wound infection and the severity and outcome of 

treatment of a Diabetic Foot Ulcer, there is no empirical evidence that one classification 

system is better than any other
9
. Table 6 shows three different classifications of DFU (classic 

Wagner Graging System; University of Texas Health Centre at San Antonio, USA; Infectious 

Disease Society of America – IDSA).  

Modern use of the Wagner classification system grades wounds on observations such as 

deformity, depth, infection, gangrene and location. The Wagner system is the primary method 

of assessment used in the orthopedic literature and grades ulcers with respect to depth and 

presence of necrosis, not taking into account vascular perfusion of the foot Despite consensus 

between foot and ankle surgeons and hyperbaric physicians that the Wagner grade is archaic 

and inadequate, most of the historical and contemporary studies and most reimbursement 

determinations, especially in the USA, regarding the use of HBOT for DFUs are based on the 

Wagner DFU wound appearances.  

The University of Texas classification system is a better predictor of outcome because it 

combines the presence or absence of infection plus perfusion in a vertical scale and the depth 

of the wound on a horizontal scale to generate a 16-choice matrix. 

The Infectious Disease Society of America (IDSA) bases its classification system on the 

severity of diabetic foot infections and has shown an increased trend for more frequent and 

higher levels of amputation with the seriousness of infection.  

A recent guideline by the Society for Vascular Surgery
25

 (Table 7) published a risk 

stratification based on three major factors that impact amputation risk and clinical 

management – Wound, Ischemia and foot Infection (WIfI) – to generate a matrix of 32 

permutations of wound categories that generally have worse outcomes as one moves down 

and to the right.  

Table 8 shows the International Working Group on the Diabetic Foot (IWGDF) classification 

system based on five key categories that address all of the relevant comorbidities contributing 

to the pathology of a DFU: Perfusion; Extent/size; Depth/tissue loss; Infection and Sensation 

(PEDIS)
24

.
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Table 6 Three different classifications of DFU: Wagner Graging System; University of Texas Health 

Centre at San Antonio, USA; Infectious Disease Society of America – IDSA. (Huang et al
10

. 

Copyright © 2015 Undersea & Hyperbaric Medical Society, Inc. 

 

 
 

Table 7 The Society for Vascular Surgery
25

 published a risk stratification based on three major 

factors that impact amputation risk and clinical management: Wound, Ischemia and foot Infection 

(WIfI), to generate a matrix of wound categories that generally have worse outcomes as one moves 

down. Huang et al
10

. Copyright © 2015 Undersea & Hyperbaric Medical Society, Inc. 
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Table 8 International Working Group on the Diabetic Foot (IWGDF) classification system based on 

five key categories that address all of the relevant comorbidities contributing to the pathology of a 

Diabetic Foot Ulcer: Perfusion; Extent/size; Depth/tissue loss; Infection and Sensation (PEDIS). 

Huang et al
10

. Copyright © 2015 Undersea & Hyperbaric Medical Society, Inc. 

 

 
 

 

STANDARD MANAGEMENT AND OUTCOME 

Several relevant clinical practice guidelines for the diagnosis and treatment of Diabetic Foot 

Ulceration (DFU)
7,8,9

 and the literature from 2004 to March 2016 were reviewed. An 

algorithm that summarizes the prevention and care of the DFU, developed by the Society for 

Vascular Surgery in collaboration with the American Podiatric Medical Association and the 

Society for Vascular Medicine, is depicted in the Figure 2.
 7

 

Specific practice recommendations
7
 were made by the Society for Vascular Surgery in 

collaboration with the American Podiatric Medical Association and the Society for Vascular 

Medicine using the Grades of Recommendation Assessment, Development, and Evaluation 

system. Specific areas of focus included (1) prevention of diabetic foot ulceration, (2) off-

loading, (3) diagnosis of osteomyelitis, (4) wound care and (5) peripheral arterial disease. 

 

1. Prevention of Diabetic Foot Ulceration (DFU) 

Patients with diabetes should undergo annual interval foot inspections by physicians or 

advanced practice providers with training in foot care (GRADE 1C). It is suggested that foot 

examination includes testing for peripheral neuropathy using the Semmes-Weinstein test 

(GRADE 1B). Education of the patients and their families about preventive foot care is 

recommended (GRADE 1C). There is evidence against the routine use of specialized 
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therapeutic footwear in average-risk diabetic patients (GRADE 2C). Custom therapeutic 

footwear in high-risk diabetic patients are advised, including those with significant 

neuropathy, foot deformities or previous amputation (GRADE 1B). Adequate glycaemic 

control (haemoglobin A1c < 7% with strategies to minimize hypoglycaemia) is suggested to 

reduce the incidence of diabetic foot ulcerations (DFUs) and infections, with subsequent risk 

of amputation (GRADE 2B). There is recommendation against prophylactic arterial 

revascularization to prevent DFU (GRADE 1C).  

 

2. Off-loading DFUs  

In patients with plantar DFU, offloading with a total contact cast (TCC) or irremovable fixed 

ankle walking boot are recommended (GRADE 1B). In patients with DFU requiring frequent 

dressing changes, off-loading using a removable cast walker as an alternative to TCC and 

irremovable fixed ankle walking boot are suggested (GRADE 2C). There is evidence against 

using postoperative shoes or standard or customary footwear for off-loading plantar DFUs 

(GRADE 2C). In patients with nonplantar wounds, it is recommended using any modality that 

relieves pressure at the site of the ulcer, such as a surgical sandal or heel relief shoe (GRADE 

1C). In high-risk patients with healed DFU (including those with a prior history of DFU, 

partial foot amputation, or Charcot foot), wearing specific therapeutic footwear with pressure-

relieving insoles is advised to aid in prevention of new or recurrent foot ulcers (GRADE 1C).  

 

3. Diagnosis of diabetic foot osteomyelitis (DFO)  

In patients with a Diabetic Foot Infection (DFI) with an open wound, a probe to bone (PTB) 

test is suggested to aid in diagnosis (GRADE 2C). In all patients presenting with a new DFI, 

serial plain radiographs of the affected foot are suggested to identify bone abnormalities 

(deformity, destruction) as well as soft tissue gas and radiopaque foreign bodies (GRADE 

2C). For those patients who require additional (i.e., more sensitive or specific) imaging, 

particularly when soft tissue abscess is suspected or the diagnosis of osteomyelitis remains 

uncertain, Magnetic Resonance Imaging (MRI) is recommended as the study of choice. MRI 

is a valuable tool for diagnosis of osteomyelitis if the PTB test is inconclusive of if the plain 

film is not useful (GRADE 1B). In patients with suspected DFO for whom MRI is 

contraindicated or unavailable, a leukocyte or antigranulocyte scan is suggested as the best 

alternative, preferably combined with a bone scan (GRADE 2B). In patients at high risk for 

DFO, the diagnosis is most definitively established by the combined findings on bone culture 

and histology (GRADE 1C). When bone is debrided to treat osteomyelitis, sending a sample 

for culture and histology is recommended (GRADE 1C). For patients not undergoing bone 

debridement, it is suggested that clinicians consider obtaining a diagnostic bone biopsy when 

faced with diagnostic uncertainty, inadequate culture information, or failure of response to 

empirical treatment (GRADE 2C). Note: the Society for Vascular Surgery algorithm on DFU 

(Figure 2) indicates the following therapeutic strategy to manage osteomyelitis: bone 

debridement, biopsy an cultures, antibiotics, HBOT (the level of evidence is not reported). 
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Figure 2 Algorithm for prevention and care of diabetic foot. ABI = Ankle-Brachial Index; DFU = 

Diabetic Foot Ulceration; HBO = Hyperbaric Oxygen; MRI = Magnetic Resonance Imaging; NPWT = 

Negative Pressure Wound Therapy; PAD = Peripheral Arterial Disease; PTB = Probe To Bone; 

TcPO2 = Transcutaneous Oxygen Pressure; XR = radiography. (Copyright © 2016 by the Society for 

Vascular Surgery. Published by Elsevier Inc. http://dx.doi.org/10.1016/j.jvs.2015.10.003)
7
 

 

 
 

4. Wound care for DFUs  

Frequent evaluation is suggested at 1- to 4-week intervals with measurements of DFU to 

monitor reduction of wound size and healing progress (GRADE 1C). The evaluation for 

infection is recommended on initial presentation of all DFU, with initial sharp debridement of 

all infected DFU and urgent surgical intervention for foot infections involving abscess, gas or 

necrotizing fasciitis (GRADE 1B). Treatment of DFIs should follow the most current 

guidelines published by the Infectious Diseases Society of America (IDSA)
9
 (Ungraded). The 

use of dressing products that maintain a moist wound bed, control exudate and avoid 

maceration of surrounding intact skin for DFU is recommended (GRADE 1B). Sharp 

debridement of all devitalized tissue and surrounding callus material from DFUs at 1- to 4-

week intervals is recommended (GRADE 1B). Considering lack of evidence for superiority of 
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any given debridement technique, initial sharp debridement is suggested with subsequent 

choice of debridement method based on clinical context, availability of expertise and supplies, 

patient tolerance and preference and cost-effectiveness (GRADE 2C). For DFUs that fail to 

demonstrate improvement (>50% wound area reduction) after a minimum of 4 weeks of 

standard wound therapy, adjunctive wound therapy options are recommended. These include 

Negative Pressure Wound Therapy (NPWT), biologics (platelet-derived growth factor 

[PDGF], living cellular therapy, extracellular matrix products, amnionic membrane 

products) and hyperbaric oxygen therapy (HBOT). Choice of adjuvant therapy is based on 

clinical findings, availability of therapy and cost-effectiveness; there is no recommendation 

on ordering of therapy choice. Re-evaluation of vascular status, infection control, and off-

loading is recommended to ensure optimization before initiation of adjunctive wound therapy 

(GRADE 1B). The use of NPWT is suggested for chronic DFU that do not demonstrate 

expected healing progression with standard or advanced wound dressings after 4 to 8 weeks 

of therapy (GRADE 2B). Consideration of the use of PDGF (becaplermin) is suggested for 

the treatment of DFUs that are recalcitrant to standard therapy (GRADE 2B). Consideration 

of living cellular therapy using a bilayered keratinocyte/fibroblast construct or a fibroblast-

seeded matrix is suggested for treatment of DFUs when recalcitrant to standard therapy 

(GRADE 2B). Consideration of the use of extracellular matrix products employing acellular 

human dermis or porcine small intestinal submucosal tissue is suggested as an adjunctive 

therapy for DFUs when recalcitrant to standard therapy (GRADE 2C). In patients with DFU 

who have adequate perfusion that fails to respond (>50% wound area reduction) after a 

minimum of 4 weeks of standard wound therapy (conservative management), HBOT is 

recommended (GRADE 2B).  

 

5. Peripheral arterial disease (PAD) and the DFU  
Patients with diabetes should have Ankle-Brachial Index (ABI) measurements performed 

when they reach 50 years of age (GRADE 2C). Patients with diabetes who have a prior 

history of DFU, prior abnormal vascular examination, prior intervention for peripheral 

vascular disease or known atherosclerotic cardiovascular disease (eg, coronary, cerebral, or 

renal) should have an annual vascular examination of the lower extremities and feet including 

ABI and toe pressures (GRADE 2C). Patients with DFU should have pedal perfusion assessed 

by ABI, ankle and pedal Doppler arterial waveforms and either toe systolic pressure or 

transcutaneous oxygen pressure measurement (TCOM) annually (GRADE 1B). In patients 

with DFU who have PAOD, revascularization is recommended by either surgical bypass or 

endovascular therapy (GRADE 1B). Technical and implementation remarks: a) Prediction of 

patients most likely to require and to benefit from revascularization could be based on the 

Society for Vascular Surgery (SVS) Wound, Ischemia, and foot Infection (WIfI) lower 

extremity threatened limb classification. b) A combination of clinical judgment and careful 

interpretation of objective assessments of perfusion along with consideration of the wound 

and infection extent is required to select patients appropriately for revascularization. c) In 

functional patients with long-segment occlusive disease and a good autologous conduit, 

bypass is likely to be preferable. d) In the setting of tissue loss and diabetes, prosthetic bypass 

is inferior to bypass with vein conduit. e) The choice of intervention depends on the degree of 

ischemia, the extent of arterial disease, the extent of the wound, the presence or absence of 

infection and the available expertise. 

 

HBOT is indicated in DFUs as an adjunctive therapy in a multidisciplinary approach. In this 

perspective, it is useful to compare the efficacy of HBOT over the other therapies used in the 

wound care (benchmark).  "Best practice benchmarking" or "process benchmarking" is used 

to measure performance using a specific indicator resulting in a metric of performance that is 
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then compared to others, in order to make improvements or adapt specific best practices, 

usually with the aim of increasing some aspect of performance. Benchmarking should be 

treated as a continuous process in which organizations continually seek to improve their 

practices.
26,27

 Bolton L.
27 

published eight RCTs and one meta-analysis qualified as benchmark 

resources for DFU, pressure ulcer (PU) and Venous Leg Ulcer (VLU). Figure 3 

 

Figure 3. Healing outcomes reported in RCTs for Diabetic Foot Ulcers: bar length represents percent 

completely healed after at least 12 weeks of care for topical interventions with at least 100 subjects. 

Outline contains clinical cohorts of patients with Non-Insulin Dependent Diabetes Mellitus (NIDDM) 

and Insulin Dependent Diabetes Mellitus (IDDM). Healing outcomes were recorded from Kaplan-

Meier healing curves of DFU managed with evidence-based multi-disciplinary care in a DFU clinic. 

(Bolton L., Wounds
©
 2012 HMP Communications, Inc.)

27 

 
 

PATHOPHYSIOLOGY OF DIABETIC FOOT ULCERS (DFUs)  

Our understanding of the aetiology and patho-mechanics of Diabetic Foot Ulcers (DFUs) has 

evolved in recent years. It is now understood that the mechanical derangements of the foot 

and ankle due to contracted soft tissue and osseous deformities as well as abnormal gait and 

motor imbalance are all essential factors in the development of ulcers in patients with 

longstanding diabetes and peripheral neuropathy. In these patients, however, numerous other 

factors, including impaired biologic condition, obesity, visual impairment and vasculopathy, 

affect ulcer wound care and healing. Over time, all patients with diabetes may develop some 

element of neuropathy expressed with sensory, motor or autonomic dysfunction. Reduced 

sensation leaves the foot unable to detect trauma, resulting in a 7-fold surge in the risk of 

ulceration
28

. Motor neuropathy results in intrinsic muscle atrophy, leading to an imbalance 

between flexors and extensors which promotes clawing of the toes. Consequently, the 

metatarsal fat pad can become displaced distally and underlying connective tissue changes 

render it deficient in providing protection from shear stresses over the prominent metatarsal 

heads during gait. Structural connective tissue changes resulting from non-enzymatic 

glycosylation result in stiffening of the Achilles tendon and limits dorsiflexion
29,30

. These 

developments, along with other morphologic changes affecting joint mobility, tend to shift the 

distribution of plantar pressure towards the forefoot. Forefoot overloading further promotes 

ulceration and diabetic patients with equinus contracture are at a 4-fold increased risk of 

plantar ulceration
31

. In addition to mechanical factors, biological impairment and 
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vasculopathy also play a significant role in the formation of DFUs and their ability to heal. 

Diabetes promotes an atherogenic state via systemic changes in inflammation as well as 

endothelium structure and function. As a result, this complex metabolic disorder negatively 

affects multiple organ systems, with the most frequent comorbidities being renal failure, 

cardiovascular disease, visual impairment, and peripheral neuropathy. Over time, blood flow 

to the vessels of the feet is impaired. Frequently, microvascular pathology is present even if 

macrovascular blood flow is acceptable. Depending on the severity, this may encourage ulcer 

development while inhibiting the natural healing response. Impaired activity of white blood 

cells involving both B and T cell types in diabetic patients may complicate the healing and 

treatment of these wounds, making any diabetic foot infection a potentially serious event. 

Breaches to the skin barrier often result from peripheral neuropathy, either from trauma or the 

cracking of dry skin due to the loss of normal skin moisture. These injuries allow pathogens 

to invade, whereas abnormalities in neutrophil phagocytosis and decreased vascular perfusion 

leave diabetic individuals particularly susceptible to infection from otherwise non-pathogenic 

bacteria. The common infecting microorganisms were Pseudomonas aeruginosa, 

Staphylococcus aureus, and Enterococcus and mixed infection
32-34,35

. The management of 

Diabetic Foot Infections is a matter of increasing concern for health professionals. (Figure 4) 

 

Figure 4 Published items per year located with the search term “diabetic foot infection” in 

Web of Science. (© 2015 Uckay I et al
34

. Published by Elsevier Ltd on behalf of International 

Society for Infectious Diseases. This is an open access article under the CC BY-NC-ND 

license) 

 
 

HBOT RATIONAL IN DIABETIC FOOT ULCERS 

The possible physiologic effects of HBOT are the reduction of the regional and local 

ischemia, the stimulation of oxygen-dependent components of wound repair, the release of 

bone marrow stem cells, enhancing host antimicrobial responses and the stimulation of 

angiogenic healing responses to the point of local host competency
36,37,38,39,40

. 

Impairments in the endothelial isoform of Nitric Oxide Synthase (eNOS) function are related 

to hyperglycemia, insulin resistance, impaired enzyme synthesis, disordered caveolin 

associations and enhanced protein kinase C activity. Production of superoxide free radical 

(O2
−
), is augmented in diabetes and this will reduce bioavailability of ·NO because the two 

radicals react rapidly to generate alternative Reactive nitrogen species (RNS). Disordered 

balance between (O2
−
) and ·NO is reflected by elevated levels of nitrotyrosine in plasma of 

type II diabetics
41

. Data from diabetic animals and humans indicate that HBOT can overcome 

some aspects of eNOS inhibition
42 
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A persistent increases in Nitric Oxide (NO) in wound fluid in diabetic ulcers associated with 

increased granulation tissue formation and wound closure when patients are exposed to 20 

HBOTs at 2.0 ATA for 90 minutes has been demonstrated
43

 Subsequent to HBOT treatments 

of diabetic patients, most wound margin HIFs and thioredoxin appear to be derived from 

localized  Stem/Progenitor cells (SPCs)
44

. This suggests that SPCs may play an important role 

in supplying critical factors during wound healing in diabetic patients. The assays of SPCs 

during the first weeks of care in patients with DFUs can provide insight into how well wounds 

will respond and may aid with decisions on the use of adjunctive measures
45 

HBOT could be useful especially when the patient has different impairment factors (as the 

cigarette smoking; rheumatic diseases; anemia; diabetes; respiratory, liver and/or kidney 

disease diseases). In part this is because the effect of hyperoxia on catalytic activity is 

reflected by values for the apparent Michaelis-Menten constant (apparent Km)  for oxygen and 

it differs among the three Nitric Oxide Synthase (NOS) isoforms  This depends on the fact 

that the enzyme activity is constrained by ferric-ferrous conversion at the active site
46,47

. 

(Table 9). In the presence of impairment factors, nitric oxide synthesis is slowed or inhibited 

because of the decreased « apparent » affinity of the substrate (oxygen) to the binding site 

(Nitric Oxide Synthetase). The change in Michaelis-Menten constant (apparent Km) can be 

overcome by increasing the substrate concentration (that is the ppO2), in which case the 

substrate will outcompete the inhibitor in binding to the enzyme (NOS). 

 

Table 9 The effect of hyperoxia on catalytic activity is reflected by values for the apparent Michaelis-

Menten constant (apparent Km) for oxygen and it differs among the three Nitric Oxide Synthase (NOS) 

isoforms
46,47 

Nitric Oxide Synthase (NOS) isoforms ppO2 needed to normalize the apparent 

Michaelis-Menten constant (apparent Km) 

Neuronal NOS (nNOS or NOS1) ~ 490 mmHg 350 µM     

Inducible NOS (iNOS or NOS2) ~ 130 mmHg 190 µM 

Endothelial NOS (eNOS or NOS3 or cNOS) ~ 38 mmHg 53 µM 

 

A study
35

 showed that adjunctive HBOT has a positive effect on wound healing in diabetic 

foot with infection, with the presence of a healed wound and preservation of the affected foot 

for at least 6 months after the completion of HBOT. The effect of HBOT seems dose 

dependent because the amputation rate is decreased in patients who receive adequate HBOT 

(HBOT > 10 sessions versus HBOT < 10 sessions, p<0.05). Forty-two patients with 44 

infected diabetic feet receiving HBOT were divided into two groups. The common infecting 

microorganisms were Pseudomonas aeruginosa, Staphylococcus aureus, and Enterococcus 

and mixed infection (table 10). One group of 21 patients with 21 DFUs received <10 sessions 

of HBOT. The other 21 patients with 23 feet received >10 sessions of HBOT. In patients who 

received <10 sessions of HBOT, seven patients achieved satisfactory wound healing. Feet 

were preserved in 33.3%. In patients with >10 sessions of HBOT, 16 patients with 18 feet 

achieved good wound healing. Of these patients, 78.3% preserved their feet. This group of 

patients received an average of 23 HBOT treatments, at 2.5 atmospheres absolute (ATA) for a 

duration of 120 minutes with an intermittent schedule of 25 min of 100% oxygen breathing 

and 5 min of air breathing, daily, 5 days per week. 

 

 

 

 

 

https://en.wikipedia.org/wiki/Michaelis-Menten
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Table 10 Comparison of pathogens in diabetic foot ulcer wounds in patients with successful and 

failed hyperbaric oxygen therapy. (Chin-En Chen et al. © 2009 European Foot and Ankle Society. 

Published by Elsevier Ltd. All rights reserved) 

 
 

EVIDENCE – BASED REVIEW OF HBOT USE 

In the present review the literature has been assessed from the 7
th

 European Consensus 

Conference on Hyperbaric Medicine of Lille (France), 2004 to March 2016. The MEDLINE 

was searched with the query ("Wound Healing"[Mesh] OR "Skin Ulcer"[Mesh]) NOT "Skin 

Transplantation" [Mesh]) AND "Hyperbaric Oxygenation" [Mesh] AND ("2004/01/01" 

[PDAT]: "3000/12/31" [PDAT]). The output included 258 records, which have been extended 

by 25 records not included in the Medline and found in the reference list of the above 

mentioned papers (total 283 records included). A first selection was made applying exclusion 

criteria as [systematic reviews] and [medical genetics].  In the remaining 229 records a second 

selection was made applying the inclusion criteria as [humans], [full text] and [last 10 years]. 

From the 137 remaining records we excluded 126 papers as they presented studies about not 

diabetic foot (N 15), skin flap/grafts (N 2), topical oxygen (N 4). Furthermore, we excluded 

the duplicate papers (N 24), reviews articles (N 48), guidelines (2) and papers non-pertinent 

concerning HBOT in chronic ulcers (N 31). For analysis, 11 papers reporting 11 studies have 

been included in this report, enlisted in the Table 12: 8 randomized trials, 1 retrospective 

controlled study, 1 observational cohort study (for a total of 6995 participants) and 1 decision 

model. The list includes papers in English (N 10) and in Portuguese (N 1). Figure 5. 
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Figure 5: Literature analysis for Hyperbaric Oxygen Therapy in Diabetic Foot Ulcer from 

2005 and March 2016 

 

 
 

Fedorko et al.(2016)
6
 study found that HBOT does not offer an additional advantage to 

comprehensive wound care in reducing the indication for amputation or facilitating wound 

healing in patients with chronic DFUs. Patients with diabetes and foot lesions (Wagner grade 

2–4) of at least 4 weeks’ duration participated in this study. One hundred fifty-seven patients 

were assessed for eligibility, with 107 randomly assigned and 103 available for end point 

adjudication. In addition to comprehensive wound care, participants were randomly assigned to 

receive HBOT (244 kPa or 2,4 ATA, 90 min, daily, 30 sessions) or sham (breathing air at 125 

kPa or 1,2 ATA). Patients, physicians and researchers were blinded to group assignment. At 12 

weeks post-randomization, the primary outcome was freedom from meeting the criteria for 

amputation as assessed by a vascular surgeon. Secondary outcomes were measures of wound 

healing. Criteria for major amputation were met in 13 of 54 patients in the sham group and 11 

of 49 in the HBOT group (odds ratio 0.91 [95% CI 0.37-2.28], P = 0.846). Twelve (22%) 

patients in the sham group and 10 (20%) in the HBOT group were healed (0R 0.90 [95% CI 

0.35-2.31], P = 0.823). All other indices of wound healing were also not statistically 

significantly different between groups. 

These results should be interpreted with caution because, despite the randomized trial, the 

authors state that the two groups are not completely comparable because of some variables 

(years of diabetes, type of diabetes and gender), but they do not provide comparing tests against 

the baseline between the two groups. 

Besides, they do not describe in details who performed the random allocation sequence, who 

enrolled the patients and who determined the patients' assignment to each intervention group. 

Even though they assume a superiority of HBOT in the research protocol, when defining the 

sample size they refer to a two-tailed equality test. Regardless of the inappropriateness of this 

method, they enrolled a higher number of patients. In addition, the statistical methodology does 

not provide the p-value threshold. 

In the protocol they state that the end of the follow-up period of 6 weeks, the patient (though 

not his/her medical documentation) was sent for evaluation to the vascular surgeon to 

determine the need for amputation. On the contrary, at page 394 of the study, Fedorko et al.
6
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state that the patient's clinical data and the digital images of wound progression were sent to the 

vascular surgeon, who then, case by case, would decide whether to visit the patient or not. 

 

In  Ma et al (2013)
48 

a 2-week, prospective, randomized, controlled clinical study was 

conducted to assess the therapeutic effect and oxidative stress of HBOT in DFU. 36 patient 

were included. Average patient age was 60.08 ± 5.97 years and average Diabetes Mellitus 

(DM) duration was 16.4 ± 11.3 years; 86.1% had type 2 DM and 47.2% had Wagner grade-III 

foot ulcers. There was a statistically significant reduction in ulcer size in the HBOT group (that 

received standard care and HBOT at 2.5 ATA, for 90 minutes, twice-daily, 5 days a week for 2 

weeks)  versus the control group that received standard care including offloading, wound 

debridement, and glucose control (42.4% ± 20.0% versus 18.1% ± 6.5%, P <0.05). 

Malondialdehyde (MDA) and antioxidant enzyme (superoxide dismutase [SOD] and catalase 

[CAT]) levels were all significantly higher in the HBOT group than in the control group on day 

14 (P<0.05). The authors expressed concern regarding the long-term use of HBOT because 

they believe that the chronic oxidative stress could induce apoptosis or even necrosis, damaging 

cell protein, membrane lipid and DNA in the wound bed. In their opinion, this could be an 

important feature in the pathogenesis of chronic, nonhealing wounds and might temper the 

long-term treatment effectiveness of HBOT
49

. They concluded that prolonged and/or 

inappropriate HBO treatment should be avoided, until needed additional research has been 

conducted.  

Subsequently to this study, Fosen et al. (2014)
50

 have shown that oxidative stress is beneficial 

for tissue repair. Oxidants appear to be, on the contrary, among the most important signals to 

control the healing process and this may be another mechanism for the benefits of HBOT in 

hypoxic wounds. It has been gradually established that oxidative stress plays a positive role 

during angiogenesis.  The main mechanism of oxidative stress-induced angiogenesis involves 

Hypoxia-Inducible Factor (HIF)/Vascular Endothelial Growth Factor (VEGF) signaling, recent 

studies have identified several pathways that are VEGF-independent
50-51

. Figure 6 

In addition it was also shown that HBOT and Lipoid Acid supplementation downregulates the 

chronic inflammatory state, changing the protease/anti-protease levels within the wound 

microenvironment. There is a decrease in the MMP9 expression and MMP2 upregulation, 

together with increased levels of Platelet derived growth factor (PDGF-BB), that contribute 

significantly to the acceleration of the dermal wound repair process
52

.  

 

The Khandelwal et al (2013) RCT
53

 study aims to compare the efficacy of antiseptic dressings, 

HBOT and recombinant human Platelet Derived Growth Factor (rhPDGF) for two reasons: i) to 

reduce the incidence of lower limb amputations in diabetic foot ulcer (DFU); ii) to limit the 

duration of stay in the hospital. The prospective randomized trial was conducted on 60 patients 

with stage III and IV diabetic foot ulcers (International Association of Enterostomal Therapy 

classification, Table 11) and patients were divided randomly in three different therapy groups - 

antiseptics, HBOT (2.5 ATA, 60 min per sitting, for a total of 30 sessions or till the ulcer 

healed. These sittings were distributed over a period of 10 weeks. Patients were given either 

daily or alternate day therapy depending on the availability of slot in the facility), rhPDGF, 

with 20 patients in each group. Patients were managed initially on inpatient and then on 

outpatient basis till the ulcer healed completely. Results among three groups were compared 

using unpaired T test and the level of significance was set at P<0.05 using ANOVA. P value 

(0.0348) was significant ehen the groups were compared using % of patients with complete 

wound contraction. Complete healing % of rhPDGF (80%) was significantly higher than HBO 

therapy (60%) which is again significantly higher than those of antiseptic dressings (40%). 

While p value healing time (0.6534) and ulcer size (0.0593) in the groups was not significant 

(the Authors believe that a greater size of the study group would have given a clearer picture). 
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Khandelwal et al concluded that DFU management requires multidisciplinary and aggressive 

approach. PDGF should be recommended for all grade III and IV diabetic foot ulcer at least 8 

weeks old. HBOT is equally good an option but could have limitations and side effects.  

Note: The fact that the sessions of HBOT were distributed over a period of 10 weeks and the 

patients received either daily or alternate day HBOT, depending on the availability of slots at 

the facility, represents a bias that may adversely affect the result. 

 

Figure 6: Schematic representation of  ROS generation and its effect on angiogenesis
51

. Two 

main mechanisms are shown: ROS effect on known components of HIF-VEGF/VEGFR2 

signalling pathway and VEGF-independent mechanism involving generation of lipid 

oxidation products. Abbreviations: NADH = Nicotinamide Adenine Dinucleotide Phosphate; MPO = 

myeloperoxidase; SOD = SuperOxide Dismutase; ROS = Reactive Oxygen Species;  HIF = Hypoxia-

Inducible Factor;  VEGF = Vascular Endothelial Growth Factor; VEGFR2 = Vascular endothelial 

growth factor receptor 2; TLR2 = Toll-like receptor 2 (membrane protein);  Rac1 = small (~21 kDa) 

signalling protein that appear to regulate cellular events, including the control of cell growth, 

cytoskeletal reorganization and the activation of protein kinases (proposed to be necessary for 

maintaining epidermal stem cells); NF-kB = nuclear factor kappa-light-chain-enhancer of activated B 

cells. (Kim YW, Byzova TV
  ©

2014 by American Society of Hematology) 

 

 
 

 

Table 11: International Association of Enterostomal Therapy classification (© Copyright S. 

Khandelwal et al., 2013 Licensee PAGEPress, Italy Clinics and Practice 2013; 3:e9 

doi:10.4081/cp.2013.e9) 
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The Margolis et al
4 

(2013) longitudinal observational cohort study had the goal to compare the 

effectiveness of HBOT with other conventional therapies administered in a wound care 

network for the treatment of a DFU and prevention of lower-extremity amputation. 6,259 

individuals with diabetes, adequate lower limb arterial perfusion and foot ulcer extending 

through the dermis were studied, representing 767,060 person-days of wound care. In the 

propensity score–adjusted models, individuals receiving HBOT [2.0 ATA (88.5% of 

treatments), 90-min sessions (99.5%), daily,  5 days per week (88%), for a median of 29 (25–

75%; range of HBOT sessions15–48] were less likely to have healing of their foot ulcer (hazard 

ratio 0.68 [95% CI 0.63–0.73]) and more likely to have an amputation (2.37 [1.84–3.04]). 

Additional analyses, including the use of an instrumental variable, were conducted to assess the 

robustness of our results to unmeasured confounding. Margolis et al
4
 found that HBOT not 

improves the likelihood that a wound might heal or to decrease the likelihood of amputation in 

any of these analyses. They concluded that the use of HBOT neither improved the likelihood 

that a wound would heal nor prevented amputation in a cohort of patients defined by Centres 

for Medicare and Medicaid Services (CMS) eligibility criteria.  

According to Elraiyah et al
38

, in Margolis et al
4
 study there is insufficient exposure (lower 

pressure than the other studies); high loss to follow-up (57%); transcutaneous oxygen 

measurements (TCOM) or other vascular assessment were not used to select patients for HBOT 

and there are selection bias (higher Wagner scores in patients receiving HBOT). When the 

Margolis et al
4
 study  was added in the Elraiyah et al

38
 sensitivity analysis, the beneficial effect 

of the HBOT on the DFUs healing rate becomes reversed (OR 2.88; 95% CI, 1.14-7.25) and on 

amputation becomes imprecise (OR, 0.58; 95% CI, 0.24-1.40). Therefore, according Elraiyah et 

al
48

, the true effect of HBOT in DFU should be derived from robust RCTs because they only 

provide higher-quality evidence. 

According Carter et al
54

 the retrospective study published by Margolis et al
4
 raises many 

questions. First, it appears that the excluded cohort had a lower extremity amputation (LEA) 

rate of 4.5% in the first 28 days. This seems high. Previous studies have shown overall 

amputation rates (major and minor) after 1 year of 12.5–22.6% in two smaller cohort studies of 

sicker patients
55-56

. Given that the excluded cohort was defined as having “adequate lower 

extremity arterial flow” (diagnostic method unknown), these results suggest that the excluded 

cohort was either at inherently higher risk for an LEA or that basic wound care was poorly 

conducted. Second, since the detailed selection criteria for HBOT at the former National 

Healing Corporation were not reported, it remains unclear if they were medically appropriate. 

Third, the method of analysis in Margolis et al
4
 study has shortcomings. Although propensity 

scoring as a means of adjusting for the severity of wounds and patient comorbidities may be a 

viable approach, if conducted inappropriately it can lead to increased rather than decreased 

bias
57

. Many other confounders can affect outcomes directly, such as renal failure, smoking, 

chronic heart failure, level of tissue exposed, offloading, debridement, infection severity, 

management of infection, ambulation and immunosuppression (e.g., long-term steroid 

use/concurrent chemotherapy). Sensitivity analysis for the assumed distribution of an 

individual potential confounder, as reported in Margolis et al
4
, is inadequate to account for the 

potential effects of such a long list of known confounders — and can make no allowance for 

any further confounding factors of which we are unaware. In summary, Carter et al
54

 are not 

confident that the Margolis et al
4
 retrospective cohort study of practice in a single wound-care 

organization sheds light on the difference between efficacy and effectiveness of HBOT in DFU 

patients as implemented in well-designed clinical practice guidelines. They agree with Margolis 

et al
4
 that “it is entirely likely that HBO therapy enhances a specific aspect of wound repair and 

should not be used as a single agent to completely heal a wound.”  
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Wang et al (2011)
58

 study compared the effectiveness of extracorporeal shockwave therapy 

(ESWT) and HBOT in chronic DFUs. The ESWT group (39 patients/44 feet) received 

shockwave therapy twice per week for total six treatments. The HBOT group (38 patients/40 

feet) was treated at 2.5 ATA, 90 min per treatment, daily, five times a week, for a total of 20 

sessions. Evaluations included clinical assessment, blood flow perfusion scan and 

histopathological examination. The overall clinical results showed completely healed ulcers in 

57% and 25% (P = 0.003); ≥ 50% improved ulcers in 32% and 15% (P = 0.071); unchanged 

ulcers in 11% and 60% (P < 0.001) and none worsened for the ESWT and the HBOT group 

respectively. The blood flow perfusion rates were comparable between the two groups before 

treatment (P = 0.245), however, significant differences were noted after treatment favouring the 

ESWT group (P = 0.002). Histopathological examination revealed considerable increases in 

cell proliferation and decreases in cell apoptosis in the ESWT group as compared to the HBOT 

group. Wang et al (2011)
58

 concluded that ESWT is more effective than HBOT in chronic 

DFUs.  

 

The aim of Löndahl et al. (2011)
59

 randomised, double-blind, placebo-controlled HBOT in 

DFU study was to evaluate whether circulatory variables could help in predicting beneficial 

outcome of HBOT. All DFU study participants who completed therapy, predefined as receiving 

at least 36 out of 40 scheduled HBOT/placebo sessions (treatment schedule is not indicated in 

the study), were included in this study (n = 75). Baseline transcutaneous oximetry (TcPO₂), 
toe blood pressure (TBP) and ankle-brachial index (ABI) were measured. Ulcer healing rate 

was registered at the 9-month follow-up visit. An ulcer was considered healed when it was 

completely epithelialized and remained so at the 12-month follow-up. The authors found that in 

the HBOT group TcPO₂ were significantly lower for patients whose ulcer did not heal as 

compared with those whose ulcers healed. A significantly increased healing frequency was 

seen with increasing TcPO₂ levels in the HBOT group (TcPO₂/healing rate: <25 mmHg/0%; 

26-50 mmHg/50%; 51-75 mmHg/73% and >75 mmHg/100%). No statistically significant 

relation between the level of TBP or ABI and healing frequency was seen. These results 

indicate that TcPO₂ in contrast to ABI and TBP correlates to ulcer healing following HBOT. 

Löndahl et al. suggest HBOT as a feasible adjunctive treatment modality in diabetic patients 

with chronic non-healing foot ulcers when basal TcPO₂ at the dorsum of the foot is above 25 

mmHg. 

 

In another prospective randomized placebo-controlled double-blinded study study, Löndahl et 

al. (2011)
60

, found that HBOT improves long-term health related quality of life (evaluated 

using SF-36) in patients with chronic DFUs, possibly attributable to better ulcer healing. A total 

of 75 patients were included in the study; 38 were randomized to HBOT and 37 to placebo 

(hyperbaric air). The overall mean physical and mental summary scores for the entire study 

population at baseline were 29.6 ± 8.8 and 47.5 ± 12.4, respectively. There was a significant 

difference between baseline and 1 year follow-up responses to the mental summary score and 

two of the eight (SF-36) domains in the HBOT group, whereas no significant improvement of 

health related quality of life was seen in the placebo group. Comparing quality of life in 

patients who healed their ulcer (healers) with those who did not (non-healers), post-treatment 

levels of the mental health summary score, social functioning and role limitations due to 

physical and emotional health were significantly improved in healers. No differences were seen 

in any SF-36 domain in non-healers.  

 

Löndahl et al. (2010)
37

 in a well-designed randomized, single-center, double-blinded, placebo-

controlled clinical trial showed that adjunctive treatment with HBOT facilitates healing in 

patients with DFUs. Ninety-four patients with Wagner grade II, III, or IV ulcers, which had 
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been present for greater than 3 months, were studied in an ambulatory setting. Study treatment 

was given as an adjunct to regular treatment at the multidisciplinary diabetes foot clinic, which 

included treatment of infection, revascularization, debridement, off-loading, and metabolic 

control according to high international standards. All patients were assessed by a vascular 

surgeon at the time of inclusion and only patients with adequate distal perfusion or non 

reconstructible peripheral vascular disease were included in the study. Patients having an acute 

foot infection were included when the acute phase was resolved. Oral or local antibiotic 

treatment did not exclude patients from study. Both groups were treated in a multiplace 

hyperbaric chamber. The HBOT group breathing 100% oxygen at 2.5 ATA, for 85 minutes, 

daily, 5 days a week for 8 weeks (40 treatment sessions). The control group received air in a 

blinded fashion. The outcomes for the HBOT group were compared with those of the 

hyperbaric air (control) group. In the intention-to-treat analysis, complete healing of the index 

ulcer was achieved in 37 patients at 1 year of follow-up: 25/48 (52%) in the HBOT compared 

to 12/42 (29%) who received hyperbaric air (P = .03) 

 

Duzgun et al (2008)
61

 undertook a prospective, randomized investigation of the use of HBOT 

versus standard therapy for the treatment of DFUs. A number of demographic variables were 

analysed in regard to wound healing. It was found that DFUs in patients in the HBOT 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 

HBOT. The authors believe that HBOT should be considered a useful adjunct in the 

management of DFUs 

 

Chuck et al (2008)
22

, as part of a Canadian assessment, estimated the cost-effectiveness and 

budget impact of HBOT in DFUs. A decision model was developed comparing adjunctive 

HBOT with standard care alone. The population was a 65-year-old cohort with DFU. The time 

horizon was 12 years taken from a Ministry of Health perspective. The health states were a 

healed wound with or without a minor lower extremity amputations (LEA), an unhealed wound 

with no related surgery and a major LEA. Efficacy data were based on outcomes reported in 

studies included in a literature review. Cost and capacity needs for treating DFU patients in 

Canada were estimated using prevalence data from the literature and cost and utilization data 

from government records. The 12-year cost for patients receiving HBOT was Canadian 

dollars/CND 40,695 (= 27,217 Euros*) compared with CND 49,786 (= 33,297 Euros*) for 

standard care alone. Outcomes were 3.64 quality-adjusted life-years (QALYs) for those 

receiving HBOT and 3.01 QALYs for controls. Estimated cost to treat all prevalent DFU cases 

in Canada was CND 14.4-19.7 million (= 9,6-13 million Euros*)/year over 4 years. If seven-

person HBOT chambers were used, a further nineteen to thirty-five machines (multiplace 

hyperbaric systems) would be required nationally. The Authors found that adjunctive HBOT 

for DFUs is cost-effective compared with standard care. Additional HBOT capacity would be 

needed if it were to be adopted as the standard of care throughout Canada. (*Note: at the 

exchange rate CND/Euros of the April 6, 2016) 

 

The Albuquerque and Sousa (2005)
62

 retrospective controlled study provides evidence that 

HBOT increased significantly (13 times more) the mean healing rate of chronic DFUs, over a 

mean follow-up period of 45 months. It also provides evidence that this adjunctive therapy 

decreased significantly (2 times less) the need for amputation in these patients, over the same 

period of time. The need for major amputation was also less (about two times) in the HBOT 

group, but statistically no significant. The mean time required for amputation was higher in the 

HBOT group, but statistically no significant. From 1990 to 2003, 96 patients 

demonstrating chronic Wagner grades II-IV DFUs, with no improvement over a 6 month 
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average period (range 1-48 m) of full standard treatment, were studied. 55 patients received 

HBOT as study group (2.5 ATA, 90 minutes, daily, 5 days a week, for an average number of 54 

sessions per patient (range 20-151)). 41 patients refused HBOT or left the Hyperbaric Medical 

Centre after first consultation. So, they did not receive HBOT (control group). HBOT and 

control patients did not differ in their baseline characteristics (i.e. age, sex, type and duration of 

diabetes, type and duration of lower limb ulcers). 78% of the control group were followed over 

a mean period of 55 months; 61.8% of the HBOT group patients were evaluated over a mean 

period of 45 months. The patients were assessed for wound healing and need for amputation. 

The mean healing rate of chronic ulcers was significantly higher in the HBOT group.  The need 

for amputation was significantly less in the HBOT group. The mean rate of major amputation 

was less (about one half) in the HBOT group, but it was statistically no significant. The need 

for minor amputation was less (about two thirds) in the HBOT group, but it was statistically no 

significant. The authors suggest that the long-standing beneficial effects of HBOT may be 

explained by the sustained improvement of fibroblast collagen production and of the 

microvascular supply inside the leg ulcers, enhanced by adjunctive HBOT. 

 

Table 12 Literature analysis for Hyperbaric Oxygen Therapy in Diabetic Foot Ulcer between 

2005 and 2016 (assessed in March 2016) 
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The above described studies (Table 12) have been used in several reviews of the literature on 

HBOT in DFUs with results often different. In these report a critical evaluation of the most 

recent reviews of the literature on HBOT in DFUs is included. Table 13 

  

Table 13 Comparison of some reviews, published between 2013 and 2016, on Hyperbaric 

Oxygen Therapy (HBOT) in Diabetic Foot Ulcers (DFUs). Abbreviations: RCT= Randomised 

Clinical Trials; IWGDF = International Working Group of the Diabetic Foot;  UHMS = Undersea and 

Hyperbaric Medical Society. (Longobardi P, 2016) 

 

 Review 

Favourable 

to HBOT 

(level of 

evidence) 

RCT 

number / (range 

of years of 

publication) 

Observational, 

Prospective and 

nonrandomized 

number / (range of 

years of publication) 

Number of 

Case series 

and case 

control 

 

IWGDF / 

Game et al. 

(2016) 

NO 

(low) 

1  

(Margolis, 2013)
4
 

- - 

Cychosz 

(2016) 

NO  

(low) 

2  

(Löndahl, 2010)
37

 

(Ma, 2013)
48

 

  

Society for 

Vascular 

Surgery / 

Hingorani et 

al. (2016) 

YES 

(moderate) 

Multidisciplinary committee used the Grades of 

Recommendation Assessment, Development, and 

Evaluation (GRADE) system to rate the quality of evidence 

(confidence in the estimates) and to grade the strength of 

recommendations 

Elraiyah et 

al (2016) 

YES 

(moderate) 
7 (1987-2005) 5 (1992-2010)  

UHMS / 

Huang et al.  

(2015) 

YES 

(moderate) 
5 (1992-2010) 

5 (1990-2013) 

 
- 

Cochrane / 

Kranke et al 

(2015) 

YES 

(moderate) 

10 (1992-2013) 

531 patients 
- - 

Liu et al 

(2013) 

YES (low-

moderate) 
7 (1966-2012) 4 (1987-2010) 2 

 

In 2016, the International Working Group of the Diabetic Foot (IWGDF) working group on 

wound healing published an updated systematic review of the evidence to inform protocols for 

routine care and to highlight areas, which should be considered for further study
63

. The review 

was by considering papers on the interventions to improve the healing of chronic ulcers 

published between June 2010 and June 2014. Methodological quality of selected studies was 

independently assessed by two reviewers using Scottish Intercollegiate Guidelines Network 

criteria
64

. Selected studies fell into ten categories (sharp debridement and wound bed 

preparation with larvae or hydrotherapy; wound bed preparation using antiseptics, 

applications and dressing products; resection of the chronic wound; oxygen and other gases; 

compression or negative pressure therapy; products designed to correct aspects of wound 

biochemistry and cell biology associated with impaired wound healing; application of cells, 

including platelets and stem cells; bioengineered skin and skin grafts; electrical, 

electromagnetic, lasers, shockwaves and ultrasound and other systemic therapies, which did 

not fit in the aforementioned categories). Heterogeneity of studies prevented pooled analysis of 
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results. Of the 2161 papers identified, 30 were selected for grading following full text review. 

Based on limited information, the IWGDF working group on wound healing stated that the 

question of which DFU patient group would most benefit from HBOT remains unanswered. 

According to the working group the previous positive randomized studies of the HBOT on 

DFU (IWGDF had considered four 4 RCT published between 1996 and 2003) would be made 

weaker by the review of Margolis et al (2013)
4
 that, in fact, has many bias (see the comments 

reported earlier in this report). 

 

Cychosz et al (2016)
70

 review had the aim to summarize the current concepts on DFU and to 

provide evidence-based recommendations on preventive and therapeutic management of DFUs, 

based on analysis of recent literature (Table 14).  

The Authors believe that further evidence is necessary to determine the efficacy, cost-

effectiveness and the appropriate indications of the HBOT in DFUs patients (Grade I 

recommendation: insufficient evidence exists to make a recommendation). This opinion was 

based on the double blinded RCT of Löndahl et al (2010)
37

 and Ma et al (2013)
48

. These two 

studies have already been analysed earlier in this report (see above in the text) 

 

Table 14 Summary of Grades of Recommendation. (© Cychosz et al (2015)
70

 Foot & Ankle 

International® 2016, Vol. 37(3) 334–343).  

 
 

To improve the care of patients with diabetic foot and to provide an evidence-based 

multidisciplinary management approach, the Society for Vascular Surgery in collaboration with 

the American Podiatric Medical Association and the Society for Vascular Medicine developed 

a clinical practice guideline (Hingorani et al., 2016)
7
. The committee made specific practice 

recommendations using the Grades of Recommendation Assessment, Development, and 

Evaluation (GRADE) system. This was based on five systematic reviews of the literature. 

Specific areas of focus included (1) prevention of diabetic foot ulceration, (2) off-loading, (3) 

diagnosis of osteomyelitis, (4) wound care and (5) peripheral arterial disease. Although only 

limited high-quality evidence were identified for many of the critical questions, the best 

available evidence, the patients’ values and preferences, the clinical context were considered to 

develop these guidelines. HBOT is recommended in patients with DFU who have adequate 

perfusion that fails to respond to 4 to 6 weeks of conservative management (Grade 2B). 

Furthermore, the Society for Vascular Surgery algorithm on DFU (Figure 2) indicates the 

following therapeutic strategy to manage osteomyelitis: bone debridement, biopsy an cultures, 

antibiotics, HBOT (the level of evidence is not reported) 

The Society for Vascular Surgery commissioned a systematic review and meta-analysis 

(Elraiyah et al, 2016)
38

. This review
38

 was conducted to evaluate the comparative effectiveness 

of different adjunctive therapies (HBOT, arterial pump devices and pharmacologic agents: 
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pentoxifylline, cilostazol and iloprost) for diabetic foot ulcerations. In nine randomized trials 

(published between 1996 and 2011), the addition of HBOT to conventional therapy (wound 

care and offloading) was associated with increased healing rate (Peto odds ratio, 14.25; 95% 

confidence interval, 7.08- 28.68 – Figure 7) and reduced major amputation rate (odds ratio, 

0.30; 95% confidence interval, 0.10-0.89 – Figure 8), compared with conventional therapy 

alone. In one small trial, arterial pump devices had a favourable effect on complete healing 

compared with HBOT and in another small trial compared with placebo devices. Neither 

iloprost nor pentoxifylline had a significant effect on amputation rate compared with 

conventional therapy. No comparative studies were identified for cilostazol in diabetic foot 

ulcers. The review concluded that there is low to moderate quality evidence supporting the use 

of HBOT as an adjunctive therapy to enhance DFU healing and potentially prevent amputation. 

Moreover, there are only sparse data regarding the efficacy of arterial pump devices and 

pharmacologic interventions
38

 

The results of Elraiyah et al
38

 are consistent with other systematic reviews
62,65,66

. Elraiyah et 

al
38

 suggested that the effect of HBOT on amputation was imprecise in some reviews
62,65,66

 

when estimated using a Relative Rik (RR) measure, whereas using Peto odds ratio (OR) 

method showed more precise estimates. The sensitivity of conclusions to the choice of the 

measure of effect used is a sign of imprecision that can lower confidence warranted by this 

evidence. Although conventional therapy included comprehensive wound care (debridement, 

wound dressing and offloading), the way this care was provided was clearly heterogeneous 

across studies. The benefit of HBOT in DFU, reported by Elraiyah et al
38

, is consistent with 

another review
67 

that evaluated its potential role in a variety of other types of chronic wounds. 

Considering the Elraiyah et al review
38

, other than the cost and the burden of prolonged daily 

treatments, the Society for Vascular Surgery believes that HBOT is appropriate as long as the 

patients are selected for the therapy carefully
7
. Using transcutaneous oximetry values can help 

stratify patients and predict those who are most likely to benefit.
68,69

 

 

Figure 7 Meta-analysis of healing rate (Elraiyah et al)
38

. The solid squares indicate the odds 

ratios and are proportional to the weights used in the meta-analysis. The diamond indicates the 

pooled odds ratio, and the lateral tips of the diamond indicate the associated 95% confidence 

interval (CI). The horizontal lines represent the 95% CIs. Abbreviations: HBOT = Hyperbaric 

Oxygen Therapy; RCT = Randomized Controlled Trial. (Copyright © 2016 by the Society for 

Vascular Surgery. Published by Elsevier Inc.) 
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Figure 8 Meta-analysis of major amputation rate (Elraiyah et al)
38

. The solid squares indicate 

the odds ratios and are proportional to the weights used in the meta-analysis. The diamond 

indicates the pooled odds ratio, and the lateral tips of the diamond indicate the associated 95% 

confidence interval (CI). The horizontal lines represent the 95% CIs. Abbreviations: HBOT = 

Hyperbaric Oxygen Therapy; RCT = Randomized Controlled Trial. (Copyright © 2016 by the 

Society for Vascular Surgery. Published by Elsevier Inc.) 

 

 
 

The Agency for Healthcare Research and Quality has published the Undersea and Hyperbaric 

Medical Society (UHMS) clinical practice guideline for the use of HBOT in the treatment of 

DFUs (Huang et al, 2015)
10

. Five RCTs (1992 and 2010) and five observational studies 

(published between 1990 and 2013) were included for this analysis. HBOT is considered 

beneficial (GRADE level evidence: moderate, conditional recommendation*) in promoting 

complete healing  (Figure 9) and preventing major amputation (Figure 10) in patients with 

Wagner Grade 3 or greater DFUs that have shown no significant improvement after 30 or more 

days of treatment. In patients with Wagner Grade 3 or higher diabetic foot ulcers who have just 

had a surgical debridement of an infected foot (e.g., partial toe or ray amputation; debridement 

of ulcer with underlying bursa, cicatrix or bone; foot amputation; incision and drainage [I&D] 

of deep space abscess; or necrotizing soft tissue infection), adding acute post-operative HBOT 

to the standard of care is suggested to reduce the risk of incomplete healing and major 

amputation (GRADE level evidence: moderate, conditional recommendation*). In patients with 

Wagner Grade 2 or lower DFUs, there was very low-level evidence to justify the use of HBOT 

as an adjunctive treatment.  

(*Note: this means that further research is likely to have an important impact on confidence in 

the estimate of effect and may change the estimate of effect) 

The UHMS algorithm for the use of HBOT in DFU is proposed in the Figure 11. 
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Figure 9 HBOT for the DFU incomplete healing. Forest plots using random effect Risk Ratio as well 

as Peto Odds Ratio were compared (Huang et al, 2015
10

. Copyright © 2015 Undersea & Hyperbaric 

Medical Society, Inc.) 

 

 
 

Figure 10 HBOT for the DFU major amputation. Forest plots using random effect Risk Ratio as well 

as Peto Odds Ratio were compared (Huang et al, 2015
10

. Copyright © 2015 Undersea & Hyperbaric 

Medical Society, Inc.) 
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Figure 11 Algorithm for the use of HBOT (Huang et al, 2015
10

. Copyright © 2015 Undersea 

& Hyperbaric Medical Society, Inc.) 

 

 
 

 

Kranke et al (2015) review
36

 has included data from twelve trials (published between 1996 

and 2013), ten of which recruited people with diabetic foot ulcers. In this update, the Authors 

presented a risk ratio (RR) of healing with hyperbaric oxygen therapy (HBOT), as opposed to 

a RR of failing to heal without HBOT (i.e. control) as presented in the original review
65

. This 

was undertaken in order to facilitate ease of interpretation of the healing outcomes for users of 

the update. The interpretation of the RR was that a summary estimate in which HBOT 

increased the occurrence of healing would have a RR > 1.00. (Table 15) 

There was a statistically significant increase in the proportion of ulcers healed by six weeks 

following HBOT compared with control (P = 0.01; risk ratio (RR) 2.35, 95%confidence 

interval (CI) 1.19 to 4.62 ; I
37

 = 4%) (Analysis 1.1 in the original study). The pre-planned 

sensitivity analysis examining the effect of allocation of drop-outs suggested a benefit with 

HBOT in the best-case scenario but not the worst-case scenario (best-case RR 4.61, 95% CI 

2.35 to 9.08; P <0.00001, worst-case RR 0.84, 95% CI 0.51 to 1.37, P = 0.48) (Analysis 1.2; 

Analysis 1.3 in the original study). 
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Table 15 Summary of findings for the main comparison. By Kranke et al
36

 “Hyperbaric 

oxygen therapy for chronic wounds (Review)” Copyright © 2015 The Cochrane 

Collaboration. Published by John Wiley & Sons, Ltd. 

 

 
 

This benefit seems not evident at longer-term follow-up. The pooled random-effects model 

showed no statistically significant difference between the groups (RR 9.53, 95% CI 0.44 to 

207.76; P = 0.15) (Analysis 1.7). This change in the result is mainly due to the fact that there 

are a small number of trials with small sample sizes, two of which have no events in the 

control arm. Kranke et al
36

 took statistical advice which indicated that this made the random-

effects model for RR of healing unstable in these circumstances and repeated the analysis 

using a Peto odds ratio (OR) (OR 7.58, 95% CI 4.33 to 13.29; P <0.00001) (Analysis 1.8 in 

the original study). However, all these results must be approached with caution. The 

sensitivity analysis examining the effect of allocation of dropouts shows no statistically 

significant difference between the two groups in either best-case or worst-case scenario 

(Analysis 1.9; Analysis 1.10 in the original study). The trial by Duzgun (2008)
61

 was judged 

to be at overall unclear risk of bias. This finding (RR of healing at 12 months) should be 

interpreted with caution given that the analyses included trials of varying sizes, some of 

which had no healing events in the control arm. As such, the pooled estimation may be 

unreliable.  

Although Kranke et al.
36

 found some indication amongst the included trials that HBOT may 

decrease the major amputation rate in people with diabetic foot lesions, there was no 
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statistically significant reduction in amputation rate with the application of HBOT (the RR of 

major amputation with HBOT was 0.36, 95% CI 0.11 to 1.18, P = 0.08, I
37

 = 50%) (Analysis 

1.11 in the original study). This result was sensitive to the assumptions made about drop-outs 

(best-case RR of amputation 0.20, 95% CI 0.10 to 0.38, P < 0.00001, worst-case 0.62, 95% CI 

0.13 to 2.98, P = 0.55) (Analysis 1.12; Analysis 1.13 in the original study). Subgroup analysis 

by number of treatments did not significantly affect this outcome, with a RR for amputation 

after 30 or more treatments of 0.40 (95% CI 0.07 to 2.23, P = 0.29). For < 30 treatments the 

RR was 0.29, 95% CI 0.07 to 1.16, P = 0.08 (Analysis 1.11). A post hoc subgroup analysis, 

according to the use of sham therapy compared with no sham, indicated a significant effect of 

treatment effect only amongst trials with no sham procedure as control (RR of amputation, 

HBOT compared with sham 0.47, 95% CI 0.09 to 2.44, P = 0.37; RR HBOT compared to 

control without sham 0.15, 95% CI 0.06 to 0.36, P < 0.0001) (Analysis 1.14 in the original 

study). Again, the study by Duzgun (2008)
61

 were considered as high risk of performance bias 

as the control arm did not receive a sham treatment. 

Some limitations that should be considered include the variability in the participant inclusion 

criteria across trials and the nature and timing of outcome assessments. In particular, there is a 

possibility of clinical heterogeneity due to differential wound size or severity across trials at 

participant enrolment. The trial by Löndahl (2010)
71

, for example, excluded all participants at 

high risk of major amputation. Excluding this trial from the analysis resulted in a significant 

effect of HBOT on decreasing the risk of major amputation (P = 0.009). 

Overall patient inclusion criteria were not standard across trials and were poorly reported in 

some trials. While subgroup analysis by treatment number suggests the benefit of HBOT on 

major amputation rate was significant with either the short course or long course (> 30 

treatment course: RR 0.40, P = 0.29; < 30 treatment course: RR 0.29, P = 0.08, ), this result 

should be interpreted with caution given the contribution of the trial by Löndahl (2010)
71

 

previously discussed. While all trials included in the meta-analysis compared HBOT with 

some form of ’standard’ wound care, these comparator therapies were generally poorly 

described and could not form the basis for a meaningful subgroup analysis with the exception 

of the analysis of the use of a HBOT sham or no sham as comparator. 

The analysis of the rate of major amputation was heterogeneous (I
37

 = 50%), suggesting a 

between-study variance that could not be explained by random variability. The risk of bias of 

the included trials was variable. The limited reporting of trial methodology in some reports 

(as Duzgun, 2008)
61

 resulted in an unclear risk of bias associated with the effect estimates 

these trials contributed to the pooled analyses. There were likely to be clinical differences in 

the individuals recruited to the included trials. The trial by Löndahl (2010)
71

 excluded 

participants where major amputation was likely, while the other trials included a wider range 

of severity. Subgroup analysis by the number of treatment sessions delivered did not assist in 

the interpretation of this heterogeneity. Furthermore, it is not clear if the surgical decision to 

amputate was made while blinded to treatment allocation. This is an important potential 

source of bias and thus a threat to validity.  

With regard to long-term outcomes following HBOT, Kranke et al.
36

 have located no relevant 

data. Only one trial reported a quality of life assessment (evaluated using SF-36) in a parallel 

publication (Löndahl, 2011)
60

. Comparing quality of life in patients who healed their ulcer 

(healers) with those who did not (non-healers), post-treatment levels of the mental health 

summary score, social functioning and role limitations due to physical and emotional health 

were significantly improved in healers.  

Kranke et al.
36

 conclude their review by stating that there is some evidence that the addition 

of HBOT to a standard wound care regimen in people with DFUs results in a significant 

improvement in wound healing by six weeks, but this benefit is not evident at longer-term 

follow-up at one year or longer. In terms of amputation, HBOT does not appear to 
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significantly improve the minor amputation rate in people with foot ulcers due to diabetes, 

while a potentially important effect on major amputation cannot be confirmed on this 

analysis. These findings are limited by trials recruiting small numbers of participants with 

diverse wound characteristics and by trial reporting and methodological discrepancies that 

present the potential to bias results. As such, these findings require a cautious interpretation. 

Further high quality RCTs were recommended by Kranke et al. to examine short and long-

term risks and benefits. 

 

Liu et al (2013)
72

 summarized 7 RCTs showing that HBOT may increase healing of DFUs 

(relative risk 2.33; 95% CI 1.51-3.60 - Figure 12)  and reduce major amputations when 

compared with therapy without HBOT (13.63% vs 30.07%; RR, 0.29; 95% CI, 0.13-0.71 - 

Figure 13). Confidence in this evidence is low to moderate, balanced between the 

inconsistency of results across studies and the small number of events and the very large (7-

fold) effect found for healing rate (Peto Odds Ratio 7.57, 95% CI 4.35 to 13.19). The RR ratio 

revealed a significant effect in favour of adjunctive HBO therapy in patients with short-term 

follow-up (≤ 6 months). Although there was more heterogeneity in the subanalysis for 

patients with follow-up of more than 12 months, a tendency toward even larger positive 

effects of HBOT compared with those seen within 6 months was found (Table 16). 

Publication bias is a concern when all trials are small and positive.  

The Liu et al
72 

results
  

are consistent with a report by Kalani et al
64

 in which 76% of the 

patients treated with HBOT had healed ulcers after 3 years, compared with only 48% of 

patients treated without HBOT. Furthermore, Albuquerque and Sousa
62

 reported that long 

HBOT (mean: 45 months) increased significantly (approximately 13-fold) the healing rate of 

chronic lower limb wounds in diabetic patients. 

The Liu et al
72 

results
  
differed from those of a previous (2012) Cochrane analysis by Kranke 

et al.
65

 maybe for the different characteristics and sample sizes. Only 7 RCTs were used in the 

meta-analysis by Kranke et al,
 65

 whereas 7 RCTs, 4 prospective trials and 2 case-control 

studies were represented in Liu et al. meta-analysis
72

. In the latter report, larger sample size 

likely decreased publication bias and strengthened the power of analysis. Furthermore, in the 

study by Kranke et al
65

 only 2 trials assessed ulcer healing within 1 year. This causes 

problems with forest plots and assessing publication bias. More importantly, comparing 

healing rates of ulcers between HBOT and conventional therapy, there was significant 

heterogeneity in the study by Kranke et al
65

 (I
2
=50%). 
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Figure 12. Forest plots for meta-analyses of RCTs, by Liu and colleagues
72

, comparing the 

healing rate of foot ulcer treated with or without HBOT. A) Subgroup analyses with short-

term (6 months) or long-term (≥1 year) follow-ups. B) Subgroup analyses only including 

randomized controlled trials (RCTs). Ulcer healing was defined as complete epithelial 

regeneration. RR ¼ relative risk. (© 2013 Mayo Foundation for Medical Education and 

Research) 
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Figure 13 Forest plot for meta-analyses, by Liu and colleagues
72

, comparing major 

amputations in diabetic foot ulcer treated with or without HBOT. Subgroup analysis including 

only randomized controlled trials (RCTs). Major amputation was defined as amputation above 

the ankle joint (AKA). RR ¼ relative risk. © 2013 Mayo Foundation for Medical Education 

and Research 

 

 
 

Table 16 Meta-analyses of RCTs by Liu and colleagues
72

 show that adding HBOT to usual 

care reduced major amputations compared with usual care alone. Minor amputations and 

adverse events did not differ between groups. (© 2013 Mayo Foundation for Medical 

Education and Research)  
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Some studies (Margolis et al
4
 and Fedorko et al.

6
) that raised many concerns, even though 

they  have several weaknesses, have already been analysed earlier in this report (see above in 

the text). 

 

We conclude this review of the literature reporting, only for knowledge, a RCT
73

 that has 

shown a beneficial effect of HBOT in heart rate corrected QT (QTc) interval prolongation, a 

common heart condition in diabetic patients with severe foot ulcers (DFUs) and represents a 

risk factor associated with increased mortality. 

The Fagher K et al. study
73

 found that HBOT might protect against QTc prolongation in this 

high-risk diabetic population with hard-to-heal DFUs. In a prospective, double-blinded 

placebo-controlled study, patients were randomized to 40 treatment sessions with either 

HBOT or air (placebo), at 2.5 ATA. Patients fulfilling >35 completed treatment sessions were 

included in the evaluation. Of the initial 75 patients (38 HBO/37 placebo), two were excluded 

due to pacemaker use. Baseline characteristics were similar between groups. At the 2-year 

follow-up, QTc time was significantly shorter in the HBOT group compared to the placebo 

group (438 vs. 453ms, p<0.05). Further, fewer HBOT patients had a QTc time >450ms (22 

vs. 53 %, p<0.02). This difference seemed to be caused by a significant prolongation of the 

QTc interval in the placebo group (427 (419-459) at baseline vs. 456ms (424-469) after 

2years), whereas no significant change was seen in HBO treated patients. 

 

PATIENTS SELECTION FOR HBOT 

Failure to address the best practice treatment of DFUs obviates any discussion about the 

utility of HBOT for this disease. The International Working Group on the Diabetic Foot 

(IWGDF) guidelines
63

 for the best practice treatment of DFUs includes four tenets: treatment 

of underlying infection; revascularization if appropriate and feasible; offloading to minimize 

trauma to the ulcer site and management of the wound bed to promote healing.  

HBOT will not accelerate tissue repair in wounds with normal oxygen tensions and will only 

do so effectively in diabetic ulcers in which oxygen tension can be elevated to therapeutic 

levels. It is essential in clinical practice to demonstrate and evaluate critical tissue ischemia 

before considering the use of HBOT
74

. Hypoxia (i.e. wound PO2 < 40 mmHg) generally best 

defines wounds appropriate for HBOT— or rather, lack of hypoxia (i.e. wound PO2 >40-50 

mmHg) defines wounds potentially not appropriate for HBOT. Patients should be taken with a 

Wagner Grade 3 or higher DFU and PtcO2 less than 40 mm Hg.  

Patient with PtcO2 less than 30 mm Hg should be then stratified on whether a single in-

chamber PtcO2 at 2.0 ATA rises over 100 mm Hg or more, the patient will likely benefit from 

HBOT
75

. It has also been suggested that if the abnormally low PtcO2 values rise to 200 mm 

Hg there will be a better prognosis, while it the value fails to rise over 200 mm Hg there will 

be a worse prognosis
10,68

. Even if the PtcO2 values rise to 100 mmHg or more, during HBOT, 

this does not excuse the patient from a vascular workup, as many patients have multifactorial 

components to tissue hypoxia
68

.   

There may be a future role for other methods of measuring the perfusion and oxygenation of 

the DFU wound bed as the Laser Doppler Flow
76

, the Near Infrared Spectroscopy (NIRS)
77,78

 

and the Fluorescence Angiography
79,80

.  

In USA, the Centres for Medicare & Medicaid Services (CMS) approved the use of HBOT for 

the management of the Diabetic Foot Ulcers
11

. Strict criteria have been established. The 

patient must have diabetes (Type I or Type II) and a lower extremity wound (Wagner grade 

III or higher) due to diabetic disease. The use of HBOT is covered by CMS as adjunctive 

therapy only after there are no measurable signs of healing for at least 30 –days of treatment 

with standard wound therapy and must be used in addition to standard wound care. Standard 

wound care in patients with diabetic wounds includes: assessment of a patient’s vascular 
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status and correction of any vascular problems in the affected limb if possible, optimization of 

nutritional status, optimization of glucose control, debridement by any means to remove 

devitalized tissue, maintenance of a clean, moist bed of granulation tissue with appropriate 

moist dressings, appropriate off-loading and necessary treatment to resolve any infection that 

might be present. Failure to respond to standard wound care occurs when there are no 

measurable signs of healing for at least 30 consecutive days. Wounds must be evaluated at 

least every 30 days during administration of HBOT. Continued treatment with HBOT is not 

covered if measurable signs of healing have not been demonstrated within any 30-day period 

of treatment. 

 

CURRENT HBOT PROTOCOL 

Treatment involves placing the patient in a monoplace or multiplace compression chamber, 

increasing the environmental pressure within the chamber and administering 100% oxygen 

for respiration. In this way, it is possible to deliver a greatly increased partial pressure of 

oxygen to the tissues. Different protocols are used for delivery of oxygen between several 

trials
36,38

. In Diabetic Foot Ulcers (DFU) treatments involve pressurisation to between 2.0 and 

2.5 atmospheres absolute (ATA) for 90 minutes, once or twice daily, 5 or 6 days/week, 

between 20 and 40 sessions.  In multiplace chamber we suggest that the fraction of inspired 

oxygen (FiO2)  should be measured to manage the adequate oxygenation in patients. 

 

ADVERSE EVENTS 

The risk of adverse events from HBOT (i.e. ear and sinus pain or barotrauma, hypoglycemic 

events, shortness of breath and chest pain, confinement anxiety, central nervous system 

oxygen toxicity, hyperoxic myopia) can be considered to be very low and self-limited when 

they do occur
81

. 

In the meta-analyses of RCT, by Liu and colleagues
72

, four studies (including 3 RCTs and 1 

prospective study) reported adverse events related to HBOT, including barotrauma lesions, 

oxygen toxicity, confinement anxiety and ocular effects. Overall, no statistically significant 

difference was found in adverse event rates between the HBOT and the control groups (RR, 

1.41; 95% CI, 0.66-2.98; P¼.37) (Figure 14). Moreover, the pooling analysis of 4 RCTs also 

found no significant difference in adverse events between the 2 groups (RR 1.41; 95% CI, 

0.66-2.98; P¼.37). 

 

Figure 14 Forest plot for meta-analyses, by Liu and colleagues
72

, comparing adverse events, 

including barotraumatic lesions, oxygen toxicity, confinement anxiety, and ocular effects, in diabetic 

foot ulcer treated with or without hyperbaric oxygenation (HBO). RR ¼ relative risk. (© 2013 Mayo 

Foundation for Medical Education and Research) 
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The frequency of adverse events was low in reviews on HBOT for chronic wounds by Kranke 

P et al (2015)
36

 and Huang et al (2015)
10

.  

 

COST IMPACT 

12% of worldwide global health expenditure is spent on diabetes (590 billion Euros or  673 

billion USD, at the exchange rate USD/EUR 0.88 on March 31, 2016)  Figure 15 

 

Figure 15: Total annual diabetes-related healthcare expenditures (20-79 years, 2015, in 

International Dollars, R=2*)
37

 (©International Diabetes Federation 

http://www.diabetesatlas.org/, accessed by web on April 6, 2016) 

 

 
 

Estimates indicate that diabetes was responsible for about 9% of total health expenditure in 

the Europe Region for 2015, which means between 137 and 255 billion Euros (USD 169 - 

311 billion*). This translates to 2,293 – 4,264 Euros (USD 2,821 - 5,202*) per person with 

diabetes per year. Just as there are wide variations in the prevalence of diabetes across the 

region, the range between countries of average diabetes related healthcare spending was also 

large – from 8,858 Euros / USD 8,235* per person with diabetes in Luxembourg to just 107 

Euros / USD 296* per person with diabetes in Tajikistan
13 

(*exchange rate USD/EUR 0.88 on 

April 7, 2016) 

The treatment cost per DFU episode is between 7,700 and 25,200 Euros
17

. The estimated 

average cost per DFU episode in Europe is 10,000 Euros
17

. Applying these findings to the 

estimated 3,6 million of DFU patients in 2015
 
(59,8 million of diabetic patients for an 

average prevalence of 6% of DFU)
 13

, the indicative annual cost for the DFU treatment, in the 

whole Europe, is 598 billion Euros. Limiting the analysis to the European 27 leading Nations 

the indicative annual cost for DFU treatment is 4-6 billion Euros
13

 (Table 17).  

Approximately 12% of people with DFU progress to lower extremity amputation
2,16,22

. The 

annual average incidence of amputation is 2.5 to 18 per 1,000 diabetics
2,16

. The cost per 

episode of major amputation (DRG 113) varies between 9.927 and 11.803 Euros (on average 

10.865 Euros)
17,95 

 

 

 

http://www.diabetesatlas.org/
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Table 17: prevalence, annual incidence and cost of Diabetic Foot Ulcers in Europe
13 

                                                                      

                                                                     Range                      Total EU-27 Countries                                                             

Population with diabetes (2015)                                                           20,2 million
16

 

Diabetic Foot Ulcers treatment: 

 Prevalence             50-70/1000 diabetics
17 

    1,0-1,4 million 

 Incidence              20-30/1000 diabetics
 18

   400,000-600,000 

 Cost per episode               7,700-25,200 Euros
17

     10,000 Euros
17

 

 Indicative annual cost                 4-6 billion Euros 

DFU amputations: 

 Annual average incidence          2,5-18/1000 diabetics
2,16

           207,050 (average) 

 Cost per episode            9,927-11,803 Euros
17,95    

        10,865 Euros (average) 

 Indicative annual cost                                                    2,25 billion Euros 

 

 

In the United States of America (USA) alone, approximately 29.1 million people have 

diabetes, and about 60% of non-traumatic amputations of the lower limbs are performed on 

adults with the condition. This fraction equated to about 73,000 adults in 2010
82

 and the 

economic burdens, according to a Medicare analysis in 2008, was 30,829 Euros/ 35,099 

USD*  for DFU treatments and 47,517 Euros/ USD 54,098* for amputations
1
. In 2010 the 

treatment and amputation for DFUs costed, in the USA,  respectively 7,9 and 11,4 billion 

Euros / USD 9 and 13 billion* 
3,8

. (* exchange rate USD/EUR 0.88 on April 7, 2016) 

 

The addition of HBOT may improve the proportion of DFU that achieve healing and thereby 

enhance the quality of life in such selected participants.  One review
22

 suggests the addition of 

HBOT may reduce the overall costs associated with the treatment of DFU. This finding is 

consistent with the experience of the Problem Wound Care and Hyperbaric Centre in Ravenna 

(Italy)
83-84

: the multidisciplinary approach for the enhancement of healing in selected problem 

wounds (DFUs included) has allowed, between 2005 and 2007, to halve the incidence of 

amputation (total of major and minor) in DFUs patients residents in the Ravenna province 

compared to the average incidence for the Emilia Romagna region (data published by the 

Health and Social Care Regional Agency / Agenzia Sanitaria e Sociale Regionale of Emilia 

Romagna, Italy) 
85 (

Figure 16).  Besides, between 2009 and 2014, in Emilia Romagna Region 

there has been a reduction in major amputations for  DFUs (0.85 per thousand diabetic 

patients in 2009 compared to 0.67 per thousand in 2014) thank to a conservative approach 

(which includes the HBOT, too) measured by, as numerical indicator, the increase of 

revascularizations (2.95 per thousand diabetic patients in 2009 compared 3.38 per thousand in 

2014).  

Between 2009 and 2014, the total rate of major amputation (both for DFU and PAOD) in the 

Romagna area (which is the operational area of the Problem Wound Care and Hyperbaric 

Centre in Ravenna) was half the average rate for the Emilia Romagna Region (an average of 

0.21 amputations per thousand inhabitants in the Romagna area compared to an average of 0.4 

per thousand for the Emilia Romagna region) (data published by the Health and Social Care 

Regional Agency / Agenzia Sanitaria e Sociale Regionale of Emilia Romagna, Italy) (Figure 

17)  
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Figure 16 standardized rate of amputation in people with diabetes, distributed to Local 

Health Authorities (Azienda Sanitaria Locale – ASL) of patient’s residence (analysis between 2005 

and 2007)
85 

The green arrow indicates the ASL of Ravenna, where is the headquarter of the Problem 

Wound Care and Hyperbaric Centre in Ravenna (Italy): the standardized rate of amputation is half 

over the average incidence for the Emilia Romagna region. (data published by the Health and Social 

Care Regional Agency  of Emilia Romagna / Agenzia Sanitaria e Sociale Regionale, Italy)
85

 

 

 
 

Figure 17 Standardized indicator (by sex and age) of the rate of major amputations / 1000 inhabitants 

living in the Emilia Romagna region (Italy), aged ≥ 18 years. The dotted line shows the average value 

for the Emilia Romagna region. The several solid lines show the change, between 2009 and 2014, for 

each Local Health Authorities (Azienda Sanitaria Locale – ASL) of patient’s residence, located in the 

operational area of the Problem Wound Care and Hyperbaric Centre in Ravenna (Romagna area). In 

this area, the rate of major amputation is lower than the average rate for the Emilia Romagna Region. 

The other points are the other ASLs of the Emilia Romagna Region (Emilia area) that does not 

gravitate into the operational area of the Hyperbaric Centre of Ravenna (data published by the Health 

and Social Care Regional Agency  of Emilia Romagna / Agenzia Sanitaria e Sociale Regionale, 

Italy)
85

 

 
 

Unfortunately, despite these considerations favourable to the HBOT in DFUs, relatively few 

DFU patients received HBOT (at least as regards the USA between 2007 and 2011), with 

1.2% of matched Medicare and 2.3% of matched privately insured DFU patients receiving 

HBOT
3 

(Table 18) 
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Table 18 Health care resource utilization and costs during the 12 months following the index date 

among matched DFU patients and controls (Medicare and privately insured patients data analysis from 

January 2007-September 2011)
3
. Only 1.2% of matched Medicare and 2.3% of matched privately 

insured DFU patients received HBOT. (© 2014 by the American Diabetes Association) 

 
 

In the Liu and colleagues
72 

meta-analyses of RCT, only 106 patients in 2 trials provided 

information on quality of life on the basis of self-reported questionnaires. A trial
60

 provides 

evidence to suggest that HBOT might improve long-term quality of life. Although another 

trial
86

 implied that it did not produce significant improvements in quality of life. 
 

CONCLUSION  
RCTs and controlled cohorts, when analysed pooled or separately, demonstrate a significant 

beneficial effect of Hyperbaric Oxygen Therapy (HBOT), compared with standard care, in 

increasing the likelihood of healing in diabetic foot ulcerations (DFU) and reducing the need 

for major amputations (the GRADE level of evidence is of moderate quality, according  the 

Society for Vascular Surgery in collaboration with the American Podiatric Medical 

Association and the Society for Vascular Medicine, 2016)
7 

Unfortunately, despite this 

beneficial effect, relatively few DFU patients received HBOT
3
. This is a shame considering 

that DFU is a heavy economic burden for society
1
  

The use of HBOT for DFU is founded on the assumption that practitioners have, previously, 

aggressively  addressed revascularization of the ischemic foot, debridement of devitalized 

tissue,  offloading of the neuropathic foot lesion, and appropriate anti-infective therapies. 

HBOT should be included as part of a comprehensive diabetic foot ulcer program and used as 

an adjunctive procedure. Proper evaluation of the patient, to establish an individualized 

diagnostic and treatment strategy is recommended. The decision to start HBOT should be 

made after ischemia status is evaluated. HBOT is unlikely to be helpful in patients with severe 

uncorrectable ischemia because oxygen will not reach the ischemic area in a sufficient tension 

to provoke benefits.   

Since this recommendations were not applied in all the patients enrolled in the studies 

analysed, the beneficial effects of HBOT (in increased healing and reduction of major 

amputations in DFU) should therefore be viewed, at present, as an average expected effect in 

a heterogeneous group of patients with DFUs. In the future studies should be included in the 
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reviews only whether such principles have always been followed or a stratified analysis based 

on the vascular status must be conducted. 

Adverse events are rare and acceptable.  

It seems that the long-term quality of life of patients treated with HBOT could be improved 

by its judicious application.  

More studies are needed to provide adequate data. 

 

RECOMMENDATION 

 We suggest the application of HBOT as standard of care in patients with Diabetic Foot 

Ulcers (DFUs) as part of a multidisciplinary treatment plan with ongoing wound care on a 

regular basis and not simply as stand-alone therapy (recommendation type 1, level A 

evidence) 

 We suggest HBOT may significantly improve the DFU wounds healed in the short term 

(up to six weeks) and this is important for improving wound healing trajectory. 

(recommendation type 1, level A evidence) 

 We believe there is low-level evidence to confirm or to exclude that HBOT improves 

DFUs wound healing within longer term follow-up. (recommendation type 1, level C 

evidence) 

 We suggest HBOT may reduce the number of major amputations in people with diabetes 

who have chronic DFUs (recommendation type 1, level A evidence) 

 We believe there is low-level evidence to say that HBOT significantly improve the minor 

amputation rate in people with DFUs (recommendation type 1, level C evidence) 

 We recommend HBOT in DFUs that have failed to respond to adequate basic wound care 

after 4 weeks / 30 days (including appropriate debridement, vascular screening for 

significant peripheral arterial disease and/or local wound hypoxia, adequate offloading 

and infection management). (recommendation type 1, level A evidence) 

 We recommend HBOT for grade 3 and above on Wagner classification. (recommendation 

type 1, level A evidence) 

 We recommend HBOT for stage B, grade 3 and above on University of Texas 

classification. (recommendation type 1, level A evidence) 

 We recommend HBOT for moderate severity infection and above on Infectious Disease 

Society of America (IDSA) classification. (recommendation type 1, level A evidence) 

 We recommend HBOT for PEDIS 3 or above on International Working Group on the 

Diabetic Foot (IWGDF) classification. (recommendation type 1, level A evidence) 

 We recommend HBOT for grade 2 or above on Society for Vascular Surgery Wound 

Ischemia Foot Infections (WIfI) System. (recommendation type 1, level A evidence) 

 We recommend HBOT for stage III and IV on International Association of Enterostomal 

Therapy classification for DFUs. (recommendation type 1, level A evidence) 

 We believe there is low-level evidence to justify the use of HBOT as an adjunctive 

treatment in grade 2 on Wagner classification (or similar level on the other DFUs 

classifications). We suggest more RCTs to better clarify the provision of HBOT to Wagner 

grade 2 lesions (or similar level on the other DFUs classifications) (recommendation type 

1, level C evidence) 

 We recommend the patients are selected for HBOT carefully
87

. Using transcutaneous 

oximetry values can help stratify patients to allow more judicious use of HBOT and predict 

those who are most likely to fail.
68,69

 (recommendation type 1, level B evidence) 

 We recommend  trancutaneous oximetry measurement (TCOM - TcPO₂) as the golden 

standard. TCOM is better correlated to DFUs healing following HBOT than Ankle 
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Brachial Index (ABI) and Toe Blood Pressure (TBP). (recommendation type 1, level C 

evidence) 

 We believe that hypoxia (i.e. wound PO2 < 40 mmHg) generally best defines DFUs 

appropriate for HBOT— or rather, lack of hypoxia (i.e. wound PO2 >40-50 mmHg) 

defines DFUs potentially not appropriate for HBOT. (recommendation type 1, level B 

evidence) 

 We suggest HBOT as a feasible adjunctive treatment modality in diabetic patients with 

DFUs when basal TcPO₂ at the dorsum of the foot is above 25 mmHg, especially when 

systemic comorbidities or local factor of risk are present. (recommendation type 1, level B 

evidence) 

 We suggest that when normobaric oximetry values are less than 35 to 40 mm Hg, a 100% 

normobaric oxygen challenge should be given via a non-rebreathing face mask. If the 

abnormally low TcPO₂ values rise to 100 mm Hg or more, the patient could likely benefit 

from HBOT (better prognosis). (recommendation type 1, level B evidence) 

 We believe that hyperoxia (HBOT) has an effect on catalytic activity in DFUs, reflected by 

values for the apparent Michaelis-Menten constant for oxygen that, especially when 

several systemic comorbidities or local factor of risk are present, differs among the three 

Nitric Oxide Synthetase (NOS) isoforms
46,47

.  (recommendation type 1, level C evidence) 

 We suggest that even if the TcPO₂ values rise to 100 mmHg or more, during HBOT, this 

does not excuse the patient from a vascular workup, as many patients have multifactorial 

components to tissue hypoxia
46

. (recommendation type 1, level B evidence) 

 We believe that there could be a future role for other methods to better measuring the 

perfusion and oxygenation of the DFU wound bed as the Laser Doppler Flow
76

, the Near 

Infrared Spectroscopy (NIRS)
77-78

 and the Fluorescence Angiography
79-80

. 

(recommendation type 3, level C evidence) 

 We suggest that in DFU the HBOT schedule should be between 2.0 and 2.5 atmospheres 

absolute (ATA) for 90 minutes, once or twice daily, 5 or 6 days/week, between 20 and 40 

sessions.  (recommendation type 1, level B evidence) 

 In multiplace chamber we suggest that the fraction of inspired oxygen (FiO2)  should be 

measured to manage the adequate oxygenation in patients. (recommendation type 1, level 

C evidence) 

 We recommend further high quality RCTs to examine short and long-term risks and 

benefits of HBOT in DFUs. The true effect of HBOT in DFU should be derived from 

robust RCTs because they only provide higher-quality evidence. (recommendation type 1, 

level A evidence) 
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ABBREVIATIONS AND ACRONYMS 
- ABI = Ankle Brachial Index 

- AKA = Above Knee Amputation 

- ATA = Absolute pressure (is the total ambient pressure on the system). 

- BKA = Below Knee Amputation 
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- CMS = Centers for Medicare & Medicaid Services (USA) 

- CND = Canadian dollar 

- CTPs = Cellular and/or Tissue-based Products 

- DFI = Diabetic Foot Infection 

- DFO = Diabetic Foot Osteomyelitis  

- DFU = Diabetic Foot Ulceration 

- ECHM = European Committee for Hyperbaric Medicine 

- eNOS = Endothelial Nitric Oxide Synthase 

- EPC = Endothelial progenitor cell 

- FiO2 = Fraction of Inspired Oxygen 

- GRADE = the Grades of Recommendation Assessment, Development, and Evaluation 

system 

- HBO = Hyperbaric Oxygenation 

- HBOT or HBO2T = Hyperbaric Oxygen Treatment 

- HIF = Hypoxia-Inducible Factor  

- IDDM = Insulin Dependent Diabetes Mellitus 

- IDSA = Infectious Disease Society of America 

- IWGDF = International Working Group of the Diabetic Foot 

- LEA = Lower Extremity Amputation  

- MRI = Magnetic Resonance Imaging 

- NIDDM = Non-Insulin Dependent Diabetes Mellitus 

- NIRS = Near Infrared Spectroscopy 

- NBO = Normobaric Oxygen 

- NO = Nitric Oxide 

- NPWT = Negative Pressure Wound Therapy 

- PAD / PAOD = Peripheral Arterial (Occlusive) Disease 

- PO2 or ppO2= partial pressure of oxygen 

- PtcO2 = Transcoutaneous Oxygen Tension 

- PTB = Probe To Bone 

- PU = Pressure ulcer 

- RCT = Randomised controlled trials 

- RNS = Reactive nitrogen species 

- rhPDGF = recombinant human Platelet Derived Growth Factor 

- RR = Relative Risk 

- SIGN = Scottish Intercollegiate Guidelines Network 

- SPCs = Stem/Progenitor cells 

- TCOM = TransCutaneous Oximetry Measurement 

- TBP = Toe Blood Pressure 

- UHMS = Undersea and Hyperbaric Medical Society 

- VEGF = Vascular Endothelial Grow Factor 

- VLU = Venous Leg Ulcer 
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