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Abstract

Background. Trauma is among the leading causes of skin loss or degloving. Flaps
and skin grafts are common surgical procedures to repair or replace the lost skin
over open wounds, and split-thickness skin grafting (STSG) is the most common
approach. Objective. To assess the effect of hyperbaric oxygen therapy (HBOT) on
STSG uptake and donor site healing. Materials and Methods. This trial was
conducted on patients with traumatic wounds who underwent STSG as per inclusion
criteria. The patients were randomized into 2 groups. One group received standard
care after skin grafting, and the other received HBOT in addition to standard care.
Uptake of STSG was assessed on postoperative day (POD) 4 and POD 7, and
donor site healing was assessed on POD 11 and POD 15. Results. A total of 64
patients aged 18 years to 60 years were included in the study. Mean (standard
deviation [SD]) percentage graft uptake on POD 4 was 92.44% (5.98%) in the
HBOT group and 88.12% (8.92%) in the control group (P = .036), and on POD 7
was 91.69% (8.71%) in the HBOT group and 83.12% (14.94%) in control group (P =
.026). Donor site recovery was also significantly faster in the HBOT group, with a
mean (SD) of 15.16 (0.88) days in the HBOT group and 17.97 (2.49) days in the
control group (P < .001). In the control group, floating grafts were found in 2



patients, flap necrosis occurred in 4 patients, and 1 patient died due to sepsis,
whereas in the HBOT group, significant graft contracture and wound recipient site
infection occurred in 1 patient each. Conclusion. HBOT significantly improved the
percentage graft uptake in posttraumatic wounds and resulted in better donor site
healing compared with standard care alone.

Abbreviations: ATA, atmospheres absolute; HBOT, hyperbaric oxygen therapy;
Nrf2, nuclear factor erythroid 2—related factor 2; POD, postoperative day; SD,
standard deviation; STSG, split-thickness skin graft; TEWL, transepidermal water
loss

Background

Extremity trauma is among the most frequent reasons for loss of productivity.! Many
patients with extremity trauma need flap coverage or skin grafting. In trauma patients,
coverage of open wounds with STSG is a commonly used surgical procedure.? Similar to
healing of other soft tissues, the uptake of STSG is influenced by many factors. One of the
most important factors is tissue oxygen level.3 In a compromised graft or wound bed,
improved oxygen perfusion at a cellular level and avoidance of infection are essential for
graft uptake and survival. HBOT improves the tissue oxygen levels, leading to adequate
amounts of mature collagen formation.*

HBOT has both direct and indirect effects.5 Primary effects include increase in pressure
and hyperoxia by up to 20 times. During HBOT, hyperoxygenation occurs as a result of
Henry’s law, which states that the amount of gas dissolved in a liquid is directly
proportional to the partial pressure of the gas.? Dissolved oxygen in plasma is increased
due to elevated arterial partial pressure of oxygen. At a pressure of 3 ATA, 6 mL of oxygen
is dissolved for every 100 mL of plasma, providing the same amount of oxygen delivery as
oxygen bound to hemoglobin.® Additional benefits of HBOT include antibacterial activity,
blunting of ischemic-reperfusion injury, reducing vasogenic edema after trauma, improving
mobilization of endothelial progenitor cells, and wound healing due to regulated oxidative
stress. Wound healing thus depends on systemic factors as well as effects at the site of

injury.”

Donor site healing consists of reepithelialization of the site from which the graft is taken,
which occurs by means of cells migrating from the remnants of hair follicles, sebaceous
glands, and sweat glands in reticular dermis. This occurs in approximately 15 days, but
may take as long as 21 days depending on age and nutritional status of the patient.®
Clinically, the donor site appears dry, is painless, and is covered by epithelium. To the
authors’ knowledge, no published data are available evaluating the effect of HBOT on graft
donor site healing.

This randomized controlled trial assessed the effect of HBOT on the uptake of STSG in
posttraumatic wounds and on donor site healing.

Materials and Methods

Type of study and sample size



This clinical trial was conducted in the Department of Trauma Surgery & Critical Care of
the All India Institute of Medical Sciences Rishikesh in India. Ethical approval was received
from that institution’s Institutional Ethical Committee, and the trial was registered in Clinical
Trial Registry-India (www.ctri.nic.in; CTRI REF/2020/10/037195). Written informed consent
was obtained from all the participants after thoroughly explaining the research project in
their language.

This was a single-masked (ie, operating surgeon masked to the patient treatment
category), parallel randomized controlled trial with an allocation ratio of 1:1, designed as a
study of therapeutic intervention (HBOT in addition to standard care vs standard care only)
in patients requiring STSG of wounds due to trauma. The trial was conducted from
December 2019 through August 2021. Sample size was established using a power
calculation based on variance established by previous studies regarding skin graft uptake;
with 95% CI and power at 80%, the sample size was estimated to be 56, with SD of
outcome variable at 4 using the formula

N =202 (z1-B+z1-0/2)2

(MO-u1)2

Fixed block randomization with a size of 4 blocks without any specific bias was used. The
randomization and participant assignment were done by a clinician other than the
operating surgeon, whereas enrollment was done by all members of the treating team.

After randomization, the participants were categorized into 2 groups (Figure 1). The
primary objective was to compare STSG uptake in patients receiving standard
postoperative care with uptake in patients receiving HBOT in the postoperative period. The
secondary objective was to compare donor site healing between controls and those
receiving HBOT. The control group received standard postoperative care, which includes
nonadherent dressings, limb immobilization and elevation, as well as antibiotics and
analgesics. The HBOT group received therapy at atmospheric pressure of 1.5 to 2 ATA for
90 minutes in daily sessions from POD 2. All patients received antibiotics and analgesics
as per departmental protocol irrespective of group allocation. Serial wound examination
was done by a clinician other than the operating surgeon. Recipient site examination was
done on POD 4 and POD 7 for assessment of graft uptake percentage.
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Figure 1. Flow diagram of allocated interventions.

Abbreviations: HBOT, hyperbaric oxygen therapy;
STSG, split-thickness skin graft; TM, tympanic
membrane.

Graft uptake percentage was calculated using an acetate tracing method in which a 2-
layered transparent acetate sheet with a 1-cm? grid pattern is placed over the grafted area
and the graft margins are traced using a permanent pen or marker and the squares are
calculated. Acetate tracing was done by the clinician other than the operating surgeon and
was done by the same person each time. Donor site examination was done on POD 11
and POD 15 (followed by daily examinations in patients with incomplete healing) for clinical
assessment of donor site healing. The operating surgeon was masked regarding to which
treatment category the patient was allotted.

Data analysis was done using SPSS version 25.0 (IBM Corporation), after data were
coded and recorded in an Excel spreadsheet (Microsoft). Descriptive statistics were
presented as mean (SD) and median (IQR) for continuous variables, and as frequencies
and percentages for categorical variables. The Mann-Whitney U (Wilcoxon) test was used
for nonparametric comparison, Spearman rank correlation was used for nonparametric
correlation, and the Fisher exact test was used for association between 2 groups. A P
value less than .5 was deemed statistically significant.

Definitions

STSGs are classified according to thickness as thin (0.15 mm-0.3 mm), intermediate (0.3
mm-0.45 mm), and thick (0.45 mm—0.6 mm).® Meshing can be done to expand the
harvested skin grafts to ratios ranging from 1:1 to 6:1 or higher depending on the size of
recipient area and available donor sites. The authors of the present study arbitrarily
defined “primary” STSG as that done on fresh wounds within 24 hours of injury.



“Secondary” STSG was defined as grafting after serial debridement and dressings and/or
after the appearance of healthy granulation tissue, which usually takes longer than 24
hours.

Inclusion and exclusion criteria

Inclusion criteria consisted of patients aged 18 years to 60 years undergoing STSG for
posttraumatic wounds. The following patients were excluded: patients undergoing STSG
for wounds other than traumatic wounds; those with polytrauma (ie, 22 severe injuries in at
least 2 areas of the body); and those with contraindications to HBOT, such as
pneumothorax, pneumocephalus, tympanic membrane perforation, claustrophobia, and
ejection fraction less than 30%.

Results

The study population was aged 18 years to 60 years. A total of 77 patients underwent
STSG during the study period; 13 of these patients were excluded due to contraindications
to HBOT (8 patients had pneumothorax, 3 had tympanic membrane perforation, and 2 had
pneumocephalus). Of the remaining 64 patients, 32 were allocated to the HBOT group and
32 to the control group. All patients completed the required follow-up (there were no
losses). Of the 64 patients, 54 were males (29 in the control group and 25 in the HBOT
group) and 10 were females (3 in the control group and 7 in the HBOT group). Age, length
of hospital stay, and comorbidities were comparable in both groups (Table). A total of 26
patients (40.6%) underwent primary skin grafting, and 38 (59.4%) underwent secondary
skin grafting. The mean (SD) wound size was 110.10 cm? (91.05 cm?) in the HBOT group
and 160.58 cm? (364.93 cm?) in the control group, with no statistical difference as per the
Mann-Whitney U (Wilcoxon) test (P > .99). Mean percentage graft uptake was 92.44%
(5.98%) in the HBOT group and 88.12% (8.92%) in the control group on POD 4 (P = .036)
and was 91.69% (8.71%) in the HBOT group and 83.12% (14.94%) in the control group on
POD 7 (P = .026). The mean time to donor site healing was 15.16 (0.88) days in the HBOT
group and 17.97 (2.49) days in the control group (P < .001).



Table. Patient Characteristics

PARAMETER GROUP* PVALUE
HBOT CONTROL
(N=3:) {(N=32)

Age, mean (SD), y N9 (1442) 238 (1232) | 4P
Sew, Mo, (36) 268

Male 25 (78.1) 25 (90.6)

Ferrale 7 (ng) 3(04)
Length of hospital stay, mean (S0), 1781 (1440} | 2234 (2752) Fogt
Comorbidities, No. (%)
Diabetes mellitus 2 (6.2) 2(6.2) >00°
Hypertension o (o) 2(6.2) 402
STSG surgery, No. (36) B

Prirmary 13 (40.6) 12 (40.6)

Secondary 19 (50.4) 0 (504)
Hemoglobin, mean (507, gidL 11.05 (1.41) 1074 (153) ao9
Serurn alburmin, mean (S0, gfdL’ 3590 (0u43) 322 (Cu48) o7
Owverall defect size, mean (S0, em? 1o (o.os) | 6058 (364.07) | ook
Defect size, No. (3¢ a5

<100 cmi 17 (54.8) 20 (645)

100-200 e 12 (38.7) 7 (226)

=200 CIE 2 (65) 4(129)
mﬂﬁ rE?I:;? wound size coverad with STSG, 9829 (898) 9954 (257) -
Mo. of HBOT sessions, mean (SO0 422 (164) T MA
Percentage uptake on POD 4, mean (S0 0z.44(508) | BBaz(Boz) Oz6F
Uptake on POD 4, No. (38) oeg?

GOfE-60% o (o) 1(z31)

0% 79% 1(31) 2(62)

80%-80% 2 (62) 9 (28:)

9cH6-00% 29 (906) 20 (625}
Percentage uptake on POD 7, mean (SO o160 (B_) 8312 (1404) | cof
Uptake on POD 7, No. (35 w003t

“60% 1(31) 1(31)

60605 o (o) 5 (15.6)

FO%-70% o (o) £ (156)

Bo%-80% 2 (6:3) 2(62)

905%-99% 29 (906) 9 (594)
Time to donor site healing, mean (SO, 1516 (0B8E) 797 (249) <oo®
Complication, No. (36) 2 (62) 7(219) 148°




Table. Patient Characteristics continved

PARAMETER GROUP* PVALUE
HBOT CONTROL
(N =32) (N =33)
Complication detalls, No. (%) g’
None 30 (93.8) 25(781)
Graft necrosis o (o0) 4125}
Fleating graft o (o0) 2(6.2)
Contracture 1(31) o (oo)
Infected wound site 1(31) o (00)
Maortality o (o0) 1(31)
Additional procedure required, No. (36 =00
None 27 (B71) 28 (o0.3)
MPWT dressing 3 (97 2(6.5)
Amnion dressing 1(32) 1(32)

Abbreviations: d, day(s) HEOT, hyperbaric oxygen therapy; NA, not applicable; NPWT, negative
pressure wound therapy; POD, postoperative day; S0, standard deviatiorg STSG, split-thickness
skin graft; y, year(s).

“Because of rounding, percentages may not equal 100; "Mann-Whitney U (Wilcoxon) test; “Chi-
square test; “Fisher exact tests *t test; P < os; ®0ne patient was excluded in each group as they
had a wound circumferentially involving the entire lower limb.

It was also observed that 40 patients with hemoglobin level of 9 g/dL to 11 g/dL had greater
than 90% skin graft uptake. Eight of these patients had 80% to 89% skin graft uptake, and
2 patients had 70% to 79% skin graft uptake. For every 1-unit increase in hemoglobin
(g/dL) above 7 g/dL, the uptake increased by 2.21%. It was also found that a serum
albumin level above 3 g/dL resulted in skin graft uptake of 92.45%, while a serum albumin
level below 3 g/dL resulted in skin graft uptake of 81.77%. For every 1-unit increase in
serum albumin (g/dL) above 3 g/dL, uptake increased by 9.55%. In the HBOT group, 1
patient had contracture and 1 had infection. More than 4 (mean [SD], 4.22 [1.64]) sessions
of HBOT were needed to significantly increase the STSG uptake in patients with traumatic
wound defects. In the control group, floating grafts were found in 2 patients, flap necrosis
occurred in 4 patients, and 1 patient died due to sepsis, whereas in the HBOT group,
significant graft contracture and wound recipient site infection occurred in 1 patient each.
Additional procedures in the form of negative pressure wound therapy were required in 3
patients in the HBOT group and 2 patients in the control group, and amnion dressing was
needed in 1 patient in each group.

Discussion

HBOT has been shown to have physiological effects that accelerate wound healing. This is
attributed to better diffusion of oxygen at high atmospheric pressures. A substantial amount
of work has been done demonstrating the significance of the role of HBOT in tissue
healing.'%-'4 The various reported mechanisms by which HBOT improves healing include
direct activation of Nrf2 protein expression; an increase in heme oxygenase-1, epidermal
growth factor, vascular endothelial growth factor, platelet-derived growth factor, fibroblast
growth factor 2, endothelial nitric oxide, and interleukin 82.10-1%; increased angiogenesis'®-
18 reduction of endothelial intercellular adhesion molecule 1 and vascular cell adhesion
molecule 1'% blunting of ischemic-reperfusion injury'?; and increasing hypoxia-inducible
factor-1a stability and activity, thereby inducing fibroblast proliferation.20:21



Some studies have shown a positive effect of HBOT on healing and survival of flap and
grafts.'6:22 |solated studies on the role of HBOT on STSG survival exist, and to the
knowledge of the authors of the present article, almost none of them have addressed the
effect of HBOT on donor site healing. Baynosa et al'? reviewed the role of HBOT on graft
and flap survival and concluded that there is a paucity of evidence in the literature
demonstrating the role of HBOT on STSG uptake.

The present study not only demonstrates the role of HBOT on STSG uptake but also
discusses the simultaneous role of HBOT on donor site healing—a component that is as
essential as graft healing. Mean (SD) percentage graft uptake on POD 4 and POD 7 was
92.4% (5.98%) and 91.69% (8.71%), respectively, in the HBOT group vs 88.12% (8.92%)
and 83.12% (14.94%), respectively, in the control group (Figures 2 and 3).

Figure 2. Photographs of intracperative graft placement and graft uptake on postoperative day (POD) 4 and POD 7in 1 patient each from the hyperbaric
oxygen therapy (HBOT) and control groups. A forearm wound (A) before and (B) after grafting in a patient in the HBOT group. (C) POD 4 image showing
95% to 100% uptake after a second cycle of HBOT. (D) POD 7 image of the same patient showing 95% to 100% uptake after 5 cycles of HBOT. (E) POD 4
photograph of a lower extremity wound in the contral group showing 70% to 75% graft uptake. (F) POD 7 image of the same limb as in panel E showing 50%
to 55% uptake.
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Figure 3. Association between graft uptake on postoperative day (POD) 4 in the case (hyperbaric
oxygen therapy plus standard care) and control (standard care) groups (n = 64).
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In 1967, Perrins and Cantab?3 reported permanent mean (SD) graft survival of 84% (2%)
for the HBOT group and 62% (7%) for the control group. In their prospective, randomized
controlled trial to examine the effect of HBOT on STSG, they found that 64% of people
who received HBOT had complete skin graft uptake (ie, >95% of the surviving graft area),
while only 17% of patients in the control group experienced the same result. In addition, all
patients who received HBOT had greater than 60% graft uptake, while only 64% of the
control group had greater than 60% graft uptake. Thirty-one of the 32 patients in the HBOT
group had greater than 80% graft uptake, whereas 12 of 32 patients in the control group
had 50% to 80% graft uptake.23

Roje et al,2* in a retrospective study, reported substantially greater loss of skin grafts in the
control group than in the HBOT group (52% and 23%, respectively). Zhou et al??
conducted a large review of RCTs, including 23 clinical trials with a total of 957 patients
who received HBOT and 583 the control group. They reported an overall graft survival rate
of 62.5% to 100% in the HBOT group compared with 35.0% to 86.5% in controls,
especially when STSG was conducted within 72 hours of surgery.

In the present study, donor site healing completed within a mean (SD) of 15.16 (0.88) days
in the HBOT group and 17.97 (2.49) days in the control group (Figure 4). The authors of
the present study could not find any literature on the effect of HBOT on donor site healing.
Histopathologic examination is the ideal way to assess for complete epithelialization, or
closure, of donor sites; however, it is an invasive procedure and is cumbersome for
patients. Clinical examination is still the most basic and common method of assessing
donor site closure. TEWL is also used for assessment of skin epithelialization. However,
TEWL is also affected by multiple factors, such as hydration, temperature, and humidity. In
addition, TEWL was not available at AIIMS Rishikesh. Brélmann et al2® reported shorter
time to complete reepithelialization using hydrocolloid dressings compared with other
dressing materials (median 16 vs 23 days, respectively). Kale et al?® conducted a
retrospective observational study on the effect of hemoglobin on uptake of skin grafting
and found no statistically significant difference between patients with anemia and those
without anemia. In the present study, 40 patients had a hemoglobin level of 9 g/dL to 11
g/dL; of these, 30 patients had greater than 90% uptake of skin graft, 8 had 80% to 89%
uptake, and 2 had 70% to 79% uptake.

Figure 4. Donor site healing in 1 patient each in the hyperbaric oxygen therapy (HBOT) and control groups. (A) Healed donor site on postoperative day
(POD) 15, after 5 cycles of HBOT. (B) Healed donor site on POD 21 in the control.

Limitations

The limitations of the present study include small sample size and the use of acetate
tracing to measure percentage graft uptake. Acetate tracing has some limitations, including
difficulty in accurately measuring the size of small or irregular wounds; it is also time-
consuming.



Conclusion

The present study demonstrated a significant increase in percentage STSG uptake and
better outcome in patients who received HBOT in addition to standard care compared with
standard care alone. Early donor site healing was also observed in the HBOT group as
compared with the control group. However, more than 4 (mean [SD], 4.22 [1.64]) sessions
of HBOT were required to achieve a significant increase in STSG uptake in patients with
traumatic wounds. Additionally, a hemoglobin level greater than 9 g/dL and a serum
albumin level greater than 3g/dL was associated with increased STSG uptake.
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