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Abstract

1. Chronic wounds, especially in diabetics, represent a serious threat to human health.

2. Correcting a compromised state of tissue oxygenation by the administration of supplemental O2 is known to benefit wound healing. Beyond its role as a nutrient and antibiotic, O2 supports wound healing by driving redox-signaling.

3. HBO (hyperbaric oxygen) therapy is widely used and approved by CMS to treat specific ulcerations. The current literature supports that approaches to topically oxygenate wounds may be productive.

4. Here, we present the results of two simultaneous studies testing the effects of HBO and portable topical oxygen (TO) therapies. These two therapeutic approaches have several contrasting features.

5. A total of 1854 patients were screened in outpatient wound clinics for non-randomized enrollments into the HBO (n=32, 31% diabetic) and TO (n=25, 52% diabetic) studies.

6. Under the conditions of the current study, HBO treatment seemed to benefit some wounds while not benefiting the others. Overall, HBO did not result in statistically significant improvements in wound size in the given population over the time monitored in this study.

7. TO significantly improved wound size. Among the three (VEGF, TGFβ1 and COL1A1) O2-sensitive genes studied in wound-edge tissue biopsies, TO treatment was associated with higher VEGF165 expression in healing wounds. Expression of the other genes mentioned was not affected by TO. All of the genes studied did not significantly change in expression in patients of the HBO study. This work establishes a link between VEGF gene expression and healing outcome for TO therapy.

8. Taken together, this report presents evidence demonstrating that TO treatment benefits wound healing in patients suffering from chronic wounds. TO treatment is associated with induction in VEGF expression in the wound edge tissue and improvement in wound size.
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Introduction

Hypoxia, caused by disrupted vasculature as well as complicating vasculopathies and other systemic limitations, limits wound healing. Correcting a compromised state of tissue oxygenation by the administration of supplemental O2 benefits wound healing in the peri-operative and outpatient settings 1. Clinical trials have shown that keeping patients warm and administering supplemental O2, both of which enhance wound oxygenation, decreases the rate of wound infection in surgical patients and shortens the average length of hospitalization 2,3. Beyond its role as a nutrient and antibiotic, O2 supports wound healing by driving redox-sensitive gene expression and signal transduction which influences a wide array of healing responses 4–6.

Clinical use of O2 to promote wound healing began in the 1960’s with administration of systemic HBO to treat wounds 7. Today, HBO therapy is approved by the Center for Medicare and Medicaid Services in the United States to treat specific ulcerations. Our own laboratory has noted beneficial effects of HBO therapy in restoring wound healing that was impaired by psychological stress8. Encouragingly, recent reports have demonstrated that HBO therapy may mobilize bone marrow-derived endothelial progenitor cells which could benefit the healing of chronic wounds affected by diabetes and peripheral arterial disease 9. On the down side, HBO poses the threat of oxygen toxicity in specific cases 10–12. This risk may be managed by adopting a personalized approach for HBO therapy where the treatment specifically aims at addressing wound hypoxia on a case by case basis. Although HBO is a clearly promising mode of wound therapy, it requires extensive facilities which may not be available to all patients. Furthermore, a population of wound patients may simply not qualify or consent to receive HBO therapy. The approach to topically oxygenate wounds using a variety of approaches is distinct from the conventional HBO therapy in many ways. For example, topical approaches do not involve high pressure, are not systemic in nature and therefore do not pose the uncommon risk of systemic oxygen toxicity 13. The hypothesis that wounds may benefit when oxygenated topically is supported by the current literature13–16.

Among many known growth factors, VEGF is believed to be the most prevalent, efficacious and long-term signal that is known to stimulate angiogenesis in wounds 17. This work represents the side-by-side presentation from the result of two simultaneous studies testing the effects of HBO therapy and topical oxygen (TO) therapy, respectively. The goals were to examine changes in wound closure outcomes and in the expression of oxygen-sensitive genes including VEGF in biopsies collected from the wound-edge tissue.

Go to:
Materials and Methods

Study Design

This study was approved by the Institutional Review Board of The Ohio State University. Subjects were duly consented and enrolled at Ohio State University’s Comprehensive Wound Center (CWC) outpatient sites. At total of 1854 patients that visited our wound clinics were screened to successfully enroll 57 patients in the HBO and TO studies. The inclusion criteria were: (a) age: 30–70 years; (b) the wound had been present for at least 4 weeks; (c) patients were not immunosuppressed or therapeutically anticoagulated; (d) patients were able to give their own consent. The selected age group represents >90% of the patients seen in our wound clinics. Patients were excluded if they had previously received oxygen therapy for the wound being studied. The type of oxygen therapy administered was based upon the clinical decision of the physician managing the wound. Patients that did not qualify for HBO were asked if they wanted to enroll in the TO study. In order to qualify for HBO therapy, patients were required to meet CMS criteria which include standards that have been established for fourteen clinical diagnoses that are currently approved for HBO.

	Wound-edge tissues were rapidly freed from blood by rinsing in saline and snap frozen in liquid nitrogen. For those subjects who consented, wound-edge biopsies were obtained three time points (T0, T1 and T2) during the 14 week study period. Three mm punch biopsy was performed exactly on the perimeter of the wound which represented the wound edge. The tissue harvested was immediately freed of blood using ice-cold saline and placed in OCT and snap-frozen in liquid nitrogen. Wound dimension recording was performed at all of these time-points on all patients enrolled. The three time points were defined as follows:

β-actin
	GTACCACTGGCATCGTGATGGACT 
CCGCTCATTGCCAATGGTGAT

	VEGF-A165
	TGCCCACTGAGGAGTCCAACAT 
CACGTCTGCGGATCTTGTACAAACA


T0, just before the first round of oxygen therapy
T1, seven weeks into the study or upon meeting specific criteria set for the HBO and TO studies whichever came first. For the HBO study, completion of 50% of therapy was set as the criterion. This would refer to say completion of five out of a total of ten dives prescribed. For the TO study, 50% wound closure was set as the criterion.

T2, fourteen weeks into the study or wound closure whichever came first.

Supplemental Oxygen Therapy

HBO was administered to patients that met specified CMS criteria for receiving HBO therapy. It was administered at the CWC outpatient clinics under the supervision of physicians according to the Undersea and Hyperbaric Medicine Society (UHMS) guidelines 18. Sechrist model 3200 chambers (Sechrist Industries, Anaheim, CA) were used for the HBO treatments.

The first TO treatment for all patients was performed in outpatient sites of CWC so that pre-treatment wound-edge tissue biopsies could be obtained and patients could be instructed on the use of the device. Treatments, other than the T0, T1 and T2 time-points during which biopsies were collected, were performed in the patients’ homes. Treatments which followed the collection of wound-edge biopsies were performed in the clinic. The TO device (GWR Medical Inc., Chadds Ford, PA) is a single use disposable device that connects to a portable oxygen source as described previously 19. The device inflates to approximately 1 atmosphere of pressure and has a release valve in the event of excess pressure build up. Representatives from the manufacturer of the TO devices provided patients with instruction on device usage. TO was administered to the wound for 90 minutes per day for 4 consecutive days in a week followed by three days of no oxygen supplementation. This cycle was repeated each week. TO therapy was discontinued at the discretion of the managing physician.

RNA Isolation

Total RNA was isolated from wound biopsy tissue material stored in liquid nitrogen using the RNeasy Fibrous Tissue Mini Kit (Qiagen, Valencia, CA). Samples were placed in a 2 ml microcentrifuge tube with RLT buffer from the RNeasy Fibrous Tissue Mini Kit and 5 mm stainless steel beads. Tissue samples were disrupted and homogenized using a TissueLyser equipment (Qiagen, Valencia, CA). Tissue disruption was carried out twice for 3 minutes each at 20–30 Hz.

mRNA Quantification

mRNA were quantified by real-time PCR assay using double-stranded DNA binding dye SYBR green-I as described previously 6,20,21. Gene expression results were standardized relative to β-actin. The primer-set used for the individual genes were as follows:

Primer sets for TGFβ-1 (PPH00508A) and collagen1A1 (PPH01299E) were obtained from SuperArray Bioscience Corporation (Frederick, MD).

Statistical Analyses

Patient demographics were compared across the two studies (HBO and TO) in order to present a comparative account of the two study populations. Differences in normally distributed continuous variables were tested using the two-sample t-test while continuous variables that were not normally distributed were tested using the Wilcoxon rank-sum test. Differences in categorical variables were tested using Fisher’s exact test. Wound volume, in cm3, was calculated from the wound surface area and depth as recording during standard clinical practice. The wound volume data was transformed using a cube root for variance stabilization and normality assumptions 22–26. The difference in the cubed root of the final minus the cubed root of the initial wound volume was regressed on oxygen treatment (HBO or TO) and adjusted for the cubed root of the initial wound volume. Covariate interactions with the treatment variable were considered significant if the p-value ≤ 0.05 and the scale of the cubed root of the initial volume was tested using fractional polynomials 27. Gene expression data was collected from only those patients who consented to provide biopsies. Some patients provided biopsies for one time point but not the other. Patients from whom paired gene expression data was available for the two time points being compared statistically were included in the relevant analyses. For presentation of gene expression data, wound closure was dichotomized a priori as healing if the final wound volume was less than or equal to the initial wound volume and not healing if the final wound volume was greater than the initial would volume. Wound size that got bigger therefore fell into the non-healing category. This categorization was solely for the purposes of grouping and had nothing to do with the testing of efficacy (as in Fig. 3) where a ratio of initial:final wound volume of 1 was interpreted as no effect. Data from VEFG, TGFβ1, and collagen 1A1 gene expression measurements were natural log transformed and regressed on dichotomized wound healing and adjusted for other covariates. This linear regression was run separately for both studies i.e. HBO and TO. One-sample t-tests were used to compare at various time points the VEGF ratio (one time point : another time point as indicated in the respective illustrations) to 1.0 (reflecting no change) for only those subjects that were in the healing group. All analyses were conducted using Stata 10.0, Stata Corporation, College Station, Texas.
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Results

A total of 1854 patients were screened in the outpatient clinics of CWC for enrollments into the HBO and TO studies. The demographics of the subject populations of the HBO and TO studies were comparable as illustrated in Table 1. A total of fifty-seven patients with chronic wounds were enrolled. Based on the assessment of the respective physicians, thirty-two patients qualified for HBO therapy. Twenty-five patients consented to receive TO therapy. The mean age of the subjects in the HBO and TO studies was 52.3 and 54.7 years, respectively. The subject population of the HBO study primarily consisted of men who represented 90.6% of the total population. The subject population in the TO study was more even balanced for gender-distribution. Fifty-two percent of the TO subject population were men while the balance of 48% were women. Wound site was confined to either the trunk or lower extremity and there were no significant differences between the subject populations of the HBO and TO studies. The fractions of known diabetics in the HBO and TO studies were 31% and 52%, respectively. The wound etiology and location for each study are illustrated in Figure 1. While enrollment into the two treatment modalities was not randomized thus making direct comparison of the findings between the two studies not possible, the study design enabled the determination of whether the two modalities share a common mechanism of action.
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Figure 1
Wound etiology and locations for patients enrolled in the HBO and topical oxygen studies.
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Patient Demographics by Treatment Type

Attribute HBO Topical Oxygen
Count (% diabetic) 3231 25(52)
Age, mean (standard deviation) 52.3(11.0) 54.7(8.9)
Male, percent 90.6 52.0

Initial volume (cms). median (IQR) 9.4 (2.8-30.1) 3.3(1.2-12.0)

Final volume (cm®), median (IQR) 6.1 (25— 17.5) 1.4 (0.6-2.8)

HBO: Hyperbaric Oxygen, IQR: Interquartile range



 
Table 1
Patient Demographics by Treatment Type

The wound volume data was transformed using a cube root for variance stabilization and normality assumptions 22–26. The difference in the cubed root of the final minus the cubed root of the initial wound volume was regressed on oxygen treatment (HBO or TO) and adjusted for the cubed root of the initial wound volume. Analysis of the effects of HBO on wound closure was based on a model which included the cubed root of the initial volume as a covariate and the best fit was determined to be linear using fractional polynomials. The untransformed results are shown in Figure 2. The diagonally dashed line of reference represents no change in wound volume in response to treatment. Observations (black dots) on or above the dashed line represents no benefit in wound size in response to treatment. Observations plotted below the dashed line of reference represent that the treatment improved wound closure outcome. The solid line represents the linear regression model based on wound closure data as collected from the HBO study (Fig. 2). Covariate interactions with the treatment variable were considered significant if the p-value ≤ 0.05 and the scale of the cubed root of the initial volume was tested using fractional polynomials 27. In the case of the HBO study, the p-value was observed to be 0.150 (R2=0.068). Thus, under the conditions of the current study, HBO treatment did not result in significant improvements in wound closure (Fig. 2). The statistical approach to determine the efficacy of TO treatment on wound closure outcomes was exactly identical to the approach described above for the HBO study. The untransformed results related to changes in wound volume in response to TO treatment are illustrated in Figure 3. In the present study, TO treatment significantly improved wound closure by decreasing wound volume. For the TO study, the regression line shown in solid was significantly (p-value, 0.001, R2=0.414) different from the reference dashed line (Fig. 3).
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Figure 3
Wound closure in response to topical oxygen treatment

Analysis of the effects of topical oxygen on wound closure was conducted as described in the legend of Figure 2. The solid line represents the linear regression model based on wound closure data from the topical oxygen study. The solid line was tested to be significantly different from the reference dashed line (p-value < 0.001, R2 = 0.414) indicating that topical oxygen treatment improved wound closure.

Wound closure in response to HBO treatment
Next, we turned towards the examination of O2-sensitive genes in the wound-edge tissue biopsies collected from consenting patients. Three genes, VEGF, TGFβ1 and collagen 1A1 (COL1A1) were selected based on their known sensitivity to oxygen and functional relevance of the gene products to wound healing. Each subject had a baseline level of gene expression determined by using the T0 biopsy for real-time PCR measurements, since they were obtained prior to any exposure to oxygen therapy. All measured mRNA expression levels were standardized against β-actin mRNA expression. The effect of supplemental oxygen therapy was analyzed by measuring the relative change in target gene expression for each individual compared to their baseline (T0). This allowed each patient to serve as their own control for these analyses. Relative change in gene expression was calculated dividing the rate of gene expression at a selected time-point by the observed baseline. All data were log transformed to perform statistical comparisons between ratios.

At the intermediate time-point T1, results adjusted for age of each subject were analyzed. Both TGFβ1 as well as COL1A1 did not exhibit any statistically meaningful responsiveness to TO treatment (Table 2). In contrast, VEGF expression was significantly higher in TO treated healing wounds (Table 2). This finding led to our emphasis on the study of VEGF. The expression of VEGF was analyzed also for the final time-point T2. Analysis of the VEGF expression data from the three time-points in TO treated healing wounds are illustrated in Table 3. Interestingly, when the initial time-point (T0) was compared with the intermediate time-point (T1), a trend in favor of TO-induced VEGF expression in the wound-edge tissue was noted (Table 3). However, the observation was not statistically significant (p-value = 0.07). This effect became statistically significant if the initial time-point (T0) was compared with the final time-point (T2). Plotting of individual VEGF response data points against log-transformed wound closure (T2:T0) demonstrated the results presented in Table 3 on a individual basis (Fig. 4). Data points to the left of the vertical line (wound volume ratio < 1) indicate that the wound was smaller than the original size while observations to the right indicate the wound got bigger with time as represented in the Y-axis. Data points below the horizontal line (VEGF ratio < 1) indicate lowering of VEGF gene expression over the specified time period. Data points above the horizontal line (VEGF ratio > 1) indicate induction of VEGF gene expression. Of note, all the healing wounds in the TO treatment study showed VEGF induction (Fig. 4c), an effect that is listed to be statistically significant in Table 3.




Figure 4
Scatter plot illustrating individual data points plotting topical oxygen induced changes in VEGF gene expression in the time period specified on the y-axis against changes in wound volume over the entire study period



Table 2
Changes in Oxygen-Sensitive Genes in Wound-Edge of Patients Treated with TO




Table 3
VEGF Expression for Healing Wounds Treated with HBO

The difference in gene expression over dichotomized (healing vs. non-healing) wound outcomes for the HBO study was not statistically significant for VEGF, TGFβ1, or collagen 1A1 for any of the time intervals compared (Table 4). Analysis of the VEGF expression data from the three time-points in HBO treated healing wounds are illustrated in Table 5. HBO did not cause a significant increase in VEGF expression at any interval (T1:T0 or T2:T1) or cumulatively over the course of treatment (T2:T0). In the contrast to the findings noted in the TO study, changes in VEGF expression in the wound-edge tissue of patients enrolled in this study were not statistically significant. However, a closer look at the scatter plot data reveals that in numerous subjects HBO treatment did markedly induce VEGF. However, there were some subjects did not respond. Therefore, taken together, the effect was not statistically significant (Fig. 5). It would be of interest to identify the conditions under which HBO is effective in inducing VEGF in the wound tissue of patients.




Figure 5
Scatter plot illustrating individual data points plotting changes in HBO-induced VEGF gene expression in the time period specified on the y-axis against changes in wound volume over the entire study period



Table 4
Changes in Oxygen-Sensitive Genes in Wound-Edge of Patients Treated with HBO




Table 5
VEGF Expression for Healing Wounds Treated with TO
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Discussion

Achieving closure in a chronic wound requires provision of adequate oxygen delivery to the tissue, adequate protein and other nutritional factors, a moist environment, an appropriate inflammatory milieu, debridement, appropriate management of infection, and correction of contributing medical diagnoses. Hypoxia is a limitation that is commonly noted in problem wounds. Achieving appropriate levels of tissue oxygenation to support healing represents a major requirement in the treatment of chronic wounds 28–30. Systemic HBO represents a therapeutic modality that is widely utilized as a standard of care in numerous wound clinics. Adjunctive HBO therapy has been demonstrated to be clinically effective in several studies31–34. In the treatment of hypoxic and ischemic wounds, the most important effects of hyperbaric oxygenation are the stimulation of fibroblast proliferation and differentiation, increased collagen formation and cross-linking, augmented neovascularization, and the stimulation of leukocyte microbial killing. Ischemic soft tissues also benefit from hyperoxygenation through improved preservation of energy metabolism and reduction of edema 35. In addition, HBO therapy may have important effects on the biology of cytokines and other mediators of inflammation 36. In patients whose wounds were favorably affected by HBO therapy, increased levels of nitric oxide were observed in response to HBO treatment 37. Therapeutic HBO can increase the mobilization of endothelial progenitor cells from the bone marrow into peripheral blood which has the clear potential of benefiting wound healing in patients affected by diabetes and peripheral arterial disease 9. A randomized blind study examining the effects of HBO therapy on experimental wounds in humans noted that the HBO group significantly benefited from a 42% reduction in wound hyperemia, a 35% reduction in the size of the lesion, and a 22% reduction in wound exudation 38. The favorable effects of HBO in clinical studies are supported by numerous experimental studies demonstrating that HBO therapy improves tissue oxygenation 39–44. Our own studies in mice have demonstrated that impairments in wound closure caused by psychological stress can be corrected by HBO therapy 8.

Factors that have limited a wider acceptance of HBO therapy in mainstream wound care include inconsistent results in a clinical setting 45,46, arguable flaws in some study designs 47 and insufficient number of clinical trials 48,49. The high cost of providing HBO has also raised concerns 47. In that vein, the cost of not accepting a potentially productive treatment modality may be also counter-argued 50. Our observation that HBO therapy did not favorably impact wound closure outcome in the total population studies is on one hand consistent with the previous literature reporting lack of efficacy of HBO under specific conditions. On the other hand, however, examination of individual outcomes revealed that the lack of efficacy of HBO on wound closure was not uniformly noted over the entire population of subjects studied. One may rationally argue that the HBO study included responders as well as non-responders. The mixed findings resulted in a lack of statistical significance under the conditions specified. It becomes increasingly important to identify the specific conditions under which HBO becomes effective in favorably affecting wound outcomes. Of note in that context is the fact that HBO superoxygenates tissues to levels multi-fold higher than their baseline pO2 51–53. From a mechanistic standpoint, it is important to recognize that while correction of wound hypoxia is desirable, excessive oxygenation may pose the risk of oxygen toxicity and cell cycle arrest 11,54–56. This notion is supported by findings of a mathematical model developed to assess the effect of wound tissue pO2 on healing outcomes 57. We posit that a personalized approach to utilize HBO therapy that is based on achieving a prescribed wound tissue oxygen tension as opposed to utilizing the same regimen for all patients will provide more consistent favorable beneficial effects of HBO therapy.

Topically applied oxygen gas is able to modestly raise the pO2 of the superficial wound tissue 15. Of note, a series of recent observations demonstrate that the topical route of wound oxygenation may be effective in benefiting wound healing 13–16. Both HBO as well as TO devices are FDA approved. Recently, FDA has proposed to reclassify TO devices from the most stringent class III (pre-market approval) to a safer class II (http://www.fda.gov/cdrh/ode/guidance/1582.html). Encouraging results obtained from the use of TO in both clinical 13 as well as pre-clinical 15 settings warrant further interest addressing the significance of TO in treating problem wounds in a clinical setting. If proven to be effective, portable TO therapy has the added advantage of benefiting a much larger potential patient population especially under conditions of public disaster and in a field-setting where HBO therapy may not be applicable. In this context it is important to recognize that although HBO and TO both seek to oxygenate wounds, they are quite different treatment approaches. The current study examined the effects of TO in patients that were not selected for HBO therapy. For the first time, the effects of TO has been studied not only to examine closure outcomes in a clinical setting but to also gain mechanistic insight on how TO therapy may influence wound healing.

The state of tissue oxygenation is a key determinant of inducible VEGF expression and angiogenesis. While hypoxia can initiate neovascularization by inducing angiogenic factor expression, it cannot sustain it. A threshold level of oxygenation is required to support the metabolic needs of tissue remodeling. Acute hypoxia facilitates the angiogenic process 59 while chronic hypoxia impairs wound angiogenesis 60. Sustained hypoxia causes death and dysfunction of tissue. VEGF is a major long-term angiogenic stimulus at the wound site. On one hand, hypoxia is a potent trigger of inducible VEGF expression 61. On the other hand, hyperoxia induces VEGF as well 54,62–65. This study provides the first evidence that supplemental TO treatment significantly induces VEGF expression in the wound-edge tissue of patients suffering from chronic wounds. This work is consistent with previous findings suggesting that TO treatment may induce wound angiogenesis 66.

Given the essential role of angiogenesis in wound healing, it is not surprising that there was a statistically significant correlation between VEGF and healing outcomes, as shown with TO therapy. A similar effect was expected with HBO, but was not observed. Healing responses induced by HBO in this patient population occurred by means that were independent of VEGF expression. This hypothesis is consistent with the current literature 9,37. One potential reason for this is the differences in the levels of wound tissue oxygenation achieved with each of these modalities. The levels of oxygenation achieved with 2 atmospheres of pressure in HBO therapy can range from 300–1200 mmHg, which far exceeds the pO2 of healthy skin or that achieved in the wound tissue with TO 15,19. This work establishes a link between VEGF gene expression and healing outcome for TO therapy. If validated in a larger population, this finding could help identify a biomarker to gauge response to TO treatment. Taken together, this study presents evidence supporting that TO treatment may benefit wound healing in patients suffering from chronic wounds. TO treatment is associated with induction in VEGF expression in the wound edge tissue and improvement in wound closure outcome. Approaches to topically oxygenate exposed dermal wound tissue warrant serious interest.

Go to:
Acknowledgments

Supported by NIH awards GM077185 and GM069589 and a research grant from GWR Medical Inc. We declare that GWR Medical is the manufacturer of the TO devices utilized in this work. We thank our clinical research staff Samantha Bellamy and Lynn Lambert for patient enrollment and sample collection. We also thank National Healing Corporation (Boca Raton, Florida) for their co-operation in patient enrollment in both studies reported.
Go to:
References

1. Gordillo GM, Sen CK. Revisiting the essential role of oxygen in wound healing. Am J Surg.2003;186:259–63. [PubMed]
2. Kurz A, Sessler D, Lenhardt R. Perioperative normothermia to reduce the incidence of surgical wound infection and shorten hospitalization. NEJM. 1996;334:1209–1215. [PubMed]
3. Grief R, Akca O, Horn EP, Kurz A, Sessler DI. Supplemental perioperative oxygen to reduce the incidence of surgical-wound infection. Outcomes Research Group.[see comment] New England Journal of Medicine. 2000;342:161–7. [PubMed]
4. Sen CK. The general case for redox control of wound repair. Wound Repair Regen. 2003;11:431–438.[PubMed]
5. Ojha N, Roy S, He G, Biswas S, Velayutham M, Khanna S, Kuppusamy P, Zweier JL, Sen CK. Assessment of wound-site redox environment and the significance of Rac2 in cutaneous healing. Free Radic Biol Med. 2007 [PMC free article] [PubMed]
6. Roy S, Khanna S, Nallu K, Hunt TK, Sen CK. Dermal wound healing is subject to redox control. Mol Ther. 2006;13:211–20. [PMC free article] [PubMed]
7. Hunt TK, Ellison EC, Sen CK. Oxygen: at the foundation of wound healing--introduction. World Journal of Surgery. 2004;28:291–3. [PubMed]
8. Gajendrareddy PK, Sen CK, Horan MP, Marucha PT. Hyperbaric oxygen therapy ameliorates stress-impaired dermal wound healing. Brain Behavior and Immunity. 2005;19 in press. [PubMed]
9. Gallagher KA, Goldstein LJ, Thom SR, Velazquez OC. Hyperbaric oxygen and bone marrow-derived endothelial progenitor cells in diabetic wound healing. Vascular. 2006;14:328–37. [PubMed]
10. Narkowicz CK, Vial JH, McCartney PW. Hyperbaric oxygen therapy increases free radical levels in the blood of humans. Free Radical Research Communications. 1993;19:71–80. [PubMed]
11. Hampson N, Atik D. Central nervous system oxygen toxicity during routine hyperbaric oxygen therapy.[see comment] Undersea & Hyperbaric Medicine. 2003;30:147–53. [PubMed]
12. Speit G, Dennog C, Radermacher P, Rothfuss A. Genotoxicity of hyperbaric oxygen. Mutation Research. 2002;512:111–9. [PubMed]
13. Kalliainen L, Gordillo GM, Schlanger R, Sen CK. Topical oxygen as an adjunct to wound healing: a clinical case series. Pathophysiology. 2003;9:81–87. [PubMed]
14. Davis SC, Cazzaniga AL, Ricotti C, Zalesky P, Hsu LC, Creech J, Eaglstein WH, Mertz PM. Topical oxygen emulsion: a novel wound therapy. Arch Dermatol. 2007;143:1252–6. [PubMed]
15. Fries RB, Wallace WA, Roy S, Kuppusamy P, Bergdall V, Gordillo GM, Melvin WS, Sen CK. Dermal excisional wound healing in pigs following treatment with topically applied pure oxygen. Mutat Res.2005;579:172–81. [PubMed]
16. Said HK, Hijjawi J, Roy N, Mogford J, Mustoe T. Transdermal sustained-delivery oxygen improves epithelial healing in a rabbit ear wound model. Arch Surg. 2005;140:998–1004. [PubMed]
17. Sen CK, Khanna S, Babior BM, Hunt TK, Ellison EC, Roy S. Oxidant-induced vascular endothelial growth factor expression in human keratinocytes and cutaneous wound healing. Journal of Biological Chemistry. 2002;277:33284–90. [PubMed]
18. Feldmeier JJ. Hyperbaric Oxygen 2003: Indications and Results: The Hyperbaric Oxygen Therapy Committee Report. Kensington: Undersea and Hyperbaric Medical Society; 2003.
19. Gordillo GM, Schlanger R, Wallace WA, Bergdall V, Bartlett R, Sen CK. Protocols for topical and systemic oxygen treatments in wound healing. Methods Enzymol. 2004;381:575–85. [PubMed]
20. Roy S, Khanna S, Bickerstaff A, Subramanian SV, Atalay M, Bierl M, Pendyala S, Levy D, Sharma N, Venojarvi M, Strauch AR, Orosz CG, Sen CK. Oxygen sensing by primary cardiac fibroblasts: a key role of p21Waf1/Cip1/Sdi1. Circulation Research. 2003;92:264–71. [PubMed]
21. Roy S, Patel D, Khanna S, Gordillo GM, Biswas S, Friedman A, Sen CK. Transcriptome-wide analysis of blood vessels laser captured from human skin and chronic wound-edge tissue. Proc Natl Acad Sci U S A. 2007;104:14472–7. [PMC free article] [PubMed]
22. Bland JM, Altman DG. The use of transformation when comparing two means. Bmj. 1996;312:1153.[PMC free article] [PubMed]
23. Bland JM, Altman DG. Transformations, means, and confidence intervals. Bmj. 1996;312:1079.[PMC free article] [PubMed]
24. Bland JM, Altman DG. Transforming data. Bmj. 1996;312:770. [PMC free article] [PubMed]
25. Bland JM, Altman DG. Statistics notes. Logarithms. Bmj. 1996;312:700. [PMC free article] [PubMed]
26. Chen WW, Rohit DS. Power transformations to induce normality and their applications. Journal of the Royal Statistical Society Series B. 2004;66:117–30.
27. Royston P, Altman DG. Regression using fractional polynomials of continuous covariates: Parsimonious Modeling. Applied Statistics. 1994;43:429–467.
28. Hopf HW, Ueno C, Aslam R, Burnand K, Fife C, Grant L, Holloway A, Iafrati MD, Mani R, Misare B, Rosen N, Shapshak D, Benjamin Slade J, Jr, West J, Barbul A. Guidelines for the treatment of arterial insufficiency ulcers. Wound Repair Regen. 2006;14:693–710. [PubMed]
29. Robson MC, Barbul A. Guidelines for the best care of chronic wounds. Wound Repair Regen.2006;14:647–8. [PubMed]
30. Whitney J, Phillips L, Aslam R, Barbul A, Gottrup F, Gould L, Robson MC, Rodeheaver G, Thomas D, Stotts N. Guidelines for the treatment of pressure ulcers. Wound Repair Regen. 2006;14:663–79. [PubMed]
31. Wattel F, Mathieu D, Coget JM, Billard V. Hyperbaric oxygen therapy in chronic vascular wound management. Angiology. 1990;41:59–65. [PubMed]
32. Cianci P. Consensus Development Conference on diabetic foot wound care: a randomized controlled trial does exist supporting use of adjunctive hyperbaric oxygen therapy. Diabetes Care. 2000;23:873–4.[PubMed]
33. Efrati S, Bergan J, Fishlev G, Tishler M, Golik A, Gall N. Hyperbaric oxygen therapy for nonhealing vasculitic ulcers. Clin Exp Dermatol. 2007;32:12–7. [PubMed]
34. Markus YM, Bell MJ, Evans AW. Ischemic scleroderma wounds successfully treated with hyperbaric oxygen therapy. J Rheumatol. 2006;33:1694–6. [PubMed]
35. Niinikoski JH. Clinical hyperbaric oxygen therapy, wound perfusion, and transcutaneous oximetry.World J Surg. 2004;28:307–11. [PubMed]
36. Al-Waili NS, Butler GJ. Effects of hyperbaric oxygen on inflammatory response to wound and trauma: possible mechanism of action. ScientificWorldJournal. 2006;6:425–41. [PubMed]
37. Boykin JV, Jr, Baylis C. Hyperbaric oxygen therapy mediates increased nitric oxide production associated with wound healing: a preliminary study. Adv Skin Wound Care. 2007;20:382–8.[PMC free article] [PubMed]
38. Niezgoda JA, Cianci P, Folden BW, Ortega RL, Slade JB, Storrow AB. The effect of hyperbaric oxygen therapy on a burn wound model in human volunteers. Plast Reconstr Surg. 1997;99:1620–5. [PubMed]
39. Rollins MD, Gibson JJ, Hunt TK, Hopf HW. Wound oxygen levels during hyperbaric oxygen treatment in healing wounds. Undersea Hyperb Med. 2006;33:17–25. [PubMed]
40. Uhl E, Sirsjo A, Haapaniemi T, Nilsson G, Nylander G. Hyperbaric oxygen improves wound healing in normal and ischemic skin tissue. Plast Reconstr Surg. 1994;93:835–41. [PubMed]
41. Kairuz E, Upton Z, Dawson RA, Malda J. Hyperbaric oxygen stimulates epidermal reconstruction in human skin equivalents. Wound Repair Regen. 2007;15:266–74. [PubMed]
42. Quirinia A, Viidik A. The impact of ischemia on wound healing is increased in old age but can be countered by hyperbaric oxygen therapy. Mech Ageing Dev. 1996;91:131–44. [PubMed]
43. Bonomo SR, Davidson JD, Tyrone JW, Lin X, Mustoe TA. Enhancement of wound healing by hyperbaric oxygen and transforming growth factor beta3 in a new chronic wound model in aged rabbits.Arch Surg. 2000;135:1148–53. [PubMed]
44. Bilic I, Petri NM, Bezic J, Alfirevic D, Modun D, Capkun V, Bota B. Effects of hyperbaric oxygen therapy on experimental burn wound healing in rats: a randomized controlled study. Undersea Hyperb Med. 2005;32:1–9. [PubMed]
45. D’Souza J, Goru J, Goru S, Brown J, Vaughan ED, Rogers SN. The influence of hyperbaric oxygen on the outcome of patients treated for osteoradionecrosis: 8 year study. Int J Oral Maxillofac Surg.2007;36:783–7. [PubMed]
46. Chen SJ, Yu CT, Cheng YL, Yu SY, Lo HC. Effects of hyperbaric oxygen therapy on circulating interleukin-8, nitric oxide, and insulin-like growth factors in patients with type 2 diabetes mellitus. Clin Biochem. 2007;40:30–6. [PubMed]
47. Wunderlich RP, Peters EJ, Lavery LA. Systemic hyperbaric oxygen therapy: lower-extremity wound healing and the diabetic foot. Diabetes Care. 2000;23:1551–5. [PubMed]
48. Friedman HI, Fitzmaurice M, Lefaivre JF, Vecchiolla T, Clarke D. An evidence-based appraisal of the use of hyperbaric oxygen on flaps and grafts. Plast Reconstr Surg. 2006;117:175S–190S. discussion 191S–192S. [PubMed]
49. Berendt AR. Counterpoint: hyperbaric oxygen for diabetic foot wounds is not effective. Clin Infect Dis.2006;43:193–8. [PubMed]
50. McMillan G, Glover M. The clinical and economic potential of hyperbaric oxygen therapy in the treatment of diabetic ulceration and other conditions. Int J Low Extrem Wounds. 2007;6:130–8. [PubMed]
51. Huch A, Huch R, Hollmann G, Hockerts T, Keller HP, Seiler D, Sadzek J, Lubbers DW. Transcutaneous pO2 of volunteers during hyperbaric oxygenation. Biotelemetry. 1977;4:88–100. [PubMed]
52. Niklas A, Brock D, Schober R, Schulz A, Schneider D. Continuous measurements of cerebral tissue oxygen pressure during hyperbaric oxygenation--HBO effects on brain edema and necrosis after severe brain trauma in rabbits. Journal of the Neurological Sciences. 2004;219:77–82. [PubMed]
53. Becker A, Kuhnt T, Liedtke H, Krivokuca A, Bloching M, Dunst J. Oxygenation measurements in head and neck cancers during hyperbaric oxygenation. Strahlentherapie und Onkologie. 2002;178:105–8.[PubMed]
54. Patel V, Chivukula IV, Roy S, Khanna S, He G, Ojha N, Mehrotra A, Dias LM, Hunt TK, Sen CK. Oxygen: from the benefits of inducing VEGF expression to managing the risk of hyperbaric stress.Antioxid Redox Signal. 2005;7:1377–87. [PubMed]
55. Padgaonkar V, Giblin FJ, Reddan JR, Dziedzic DC. Hyperbaric oxygen inhibits the growth of cultured rabbit lens epithelial cells without affecting glutathione level. Experimental Eye Research. 1993;56:443–52. [PubMed]
56. Kalns JE, Piepmeier EH. Exposure to hyperbaric oxygen induces cell cycle perturbation in prostate cancer cells. In Vitro Cell Dev Biol Anim. 1999;35:98–101. [PubMed]
57. Schugart R, Friedman A, Zhao R, Sen CK. Wound angiogenesis as a function of tissue oxygen tension: A mathematical model. Proceedings of the National Academy of Sciences USA. 2008 in press.[PMC free article] [PubMed]
58. Heng MC, Harker J, Bardakjian VB, Ayvazian H. Enhanced healing and cost-effectiveness of low-pressure oxygen therapy in healing necrotic wounds: a feasibility study of technology transfer. Ostomy Wound Manage. 2000;46:52–60. 62. [PubMed]
59. Semenza GL. HIF-1: using two hands to flip the angiogenic switch. Cancer & Metastasis Reviews.2000;19:59–65. [PubMed]
60. Allen DB, Maguire JJ, Mahdavian M, Wicke C, Marcocci L, Scheuenstuhl H, Chang M, Le AX, Hopf HW, Hunt TK. Wound hypoxia and acidosis limit neutrophil bacterial killing mechanisms. Arch Surg.1997;132:991–6. [PubMed]
61. Berra E, Pages G, Pouyssegur J. MAP kinases and hypoxia in the control of VEGF expression. Cancer & Metastasis Reviews. 2000;19:139–45. [PubMed]
62. Darrington RS, Godden DJ, Park MS, Ralston SH, Wallace HM. The effect of hyperoxia on the expression of cytokine mRNA in endothelial cells. Biochemical Society Transactions. 1997;25:292S.[PubMed]
63. Maniscalco WM, Watkins RH, Finkelstein JN, Campbell MH. Vascular endothelial growth factor mRNA increases in alveolar epithelial cells during recovery from oxygen injury. Am J Respir Cell Mol Biol. 1995;13:377–86. [PubMed]
64. Deaton PR, McKellar CT, Culbreth R, Veal CF, Cooper JA., Jr Hyperoxia stimulates interleukin-8 release from alveolar macrophages and U937 cells: attenuation by dexamethasone. American Journal of Physiology. 1994;267:L187–92. [PubMed]
65. Sheikh AY, Gibson JJ, Rollins MD, Hopf HW, Hussain Z, Hunt TK. Effect of hyperoxia on vascular endothelial growth factor levels in a wound model. Archives of Surgery. 2000;135:1293–7. [PubMed]
66. Heng MC, Harker J, Csathy G, Marshall C, Brazier J, Sumampong S, Paterno Gomez E. Angiogenesis in necrotic ulcers treated with hyperbaric oxygen. Ostomy Wound Manage. 2000;46:18–28. 30–2. [PubMed
