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Abstract
BACKGROUND
Patients with keloids who receive radiotherapy (RT) after surgery can develop refractory wounds that cannot be healed by the patient's own repair system. Such chronic wounds are uneven and complex due to persistent abscess and ulceration. Without external intervention, they can easily result in local tissue necrosis or, in severe cases, large area tissue resection, amputation, and even death.

CASE SUMMARY
This article describes the use of hydrogen to treat a 42-year-old female patient with a chronic wound on her left shoulder. The patient had a skin graft that involved implanting a dilator under the skin of her left shoulder, and then transferring excess skin from her shoulder onto scar tissue on her chest. The skin grafting was followed by two rounds of RT, after which the shoulder wound had difficulty healing. For six months, the patient was treated with 2 h of hydrogen inhalation (HI) therapy per day, in addition to application of sterile gauze on the wound and periodic debridement. We also performed one deep, large, sharp debridement to enlarge the wound area. The wound healed completely within 6 mo of beginning the HI treatment.

CONCLUSION
After HI therapy, the patient showed superior progress in reepithelialization and wound repair, with eventual wound closure in 6 mo, in comparison with the previous failures of hyperbaric oxygen and recombinant bovine basic fibroblast growth factor therapies. Our work showed that HI therapy could be a new strategy for wound healing that is cleaner, more convenient, and less expensive than other therapies, as well as easily accessible for further application in clinical wound care.
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Core Tip: A keloid is a benign protuberance of scar tissue formed after a skin wound. Radiotherapy (RT) immediately after surgical resection can effectively reduce the recurrence rate of keloids, but can also disrupt the ordered sequence of cell interactions, leading to repeated inflammatory responses and inadequate healing, thus resulting in a chronic wound. We aimed to test the efficacy of hydrogen inhalation (HI) therapy in the treatment of a patient who developed a chronic wound after skin grafting and RT. The novel adjuvant therapy of HI resulted in effective reepithelialization and successful healing. 

INTRODUCTION
A keloid is a benign raised scar that sometimes results from postoperative radiotherapy (RT) immediately after surgical resection. Repeated inflammatory responses can cause delayed and inadequate wound healing. Current strategies for treating radiation-delayed wound healing typically include standard wound care and measures to optimize blood and oxygen supply[1]. Chronic wound healing is a complex process with a series of interrupted cascade events and the blocking of cellular interactions.
Cutaneous wounds always proceed through three independent but overlapping stages[2-5]. The inflammation stage starts immediately and is associated with the formation of blood clots and the recruitment of inflammatory cells. The second stage involves regeneration, characterized by reepithelialization of the wound, the creation of new epidermal cells, and the formation of granulation tissue. The last stage is the remodeling stage, in which the epidermis, dermis, and extracellular matrix (ECM) are rearranged. Defects in any of these stages will cause chronic wounds. Chronic wounds fail to heal despite the use of current therapies because they become stalled in the inﬂammation stage of wound healing[6]. In contrast, acute wounds progress through all three stages in a timely manner as they heal.
Human wounds add a substantial burden to worldwide clinical, social, and economic resources. A 2018 retrospective analysis of United States Medicare beneﬁciaries identiﬁed that about 8.2 million people had wounds with or without infections. Medicare cost estimates for acute and chronic wound treatment were $28.1–96.8 billion for the year 2014 alone[7]. Although various therapies have been developed, more efficient, cleaner, and more advanced treatments are still needed in dealing with both acute and chronic wounds.
Since 2007[8], increased attention has been paid to the physiological functions and signal transduction pathways of hydrogen as a gaseous signaling molecule. Hydrogen is not only environmentally friendly, with no other metabolites in vivo except water, but also easy to obtain via simple electrolysis of water[8]. Its antioxidant[9], anti-inflammatory[10], and anti-apoptotic[11] effects have been discovered in studies using multiple animal models and, thereafter, in some clinical trials. It has been reported that hydrogen has beneficial effects on skin diseases such as pressure ulcers, burns, and psoriasis[12]. Hydrogen can reduce oxidative stress, alleviate inflammation in local wounds, and accelerate wound healing.
Our clinical study showed that hydrogen inhalation (HI) therapy improved the adhesion between skin and muscle tissues and promoted the reepithelialization process and wound healing speed. Therefore, we believe that HI therapy may be a clean, inexpensive, convenient, and readily available new wound-healing strategy that can be further applied to clinical wound care.

CASE PRESENTATION
Chief complaints
A 42-year-old woman with a chronic wound on the left shoulder was advised to try HI therapy (Figure 1). Because of her scar diathesis, we transplanted excess skin from the back of her left shoulder to scar tissue on her chest by implanting a dilator under the skin of her left shoulder on April 3, 2019. After skin grafting on April 25, 2019, two rounds of RT were performed. The first round was given 1 d after the first surgery, and the second occurred 1 wk after the first round; the dose was 900 centigrade. However, the defective shoulder skin became difficult to heal.

History of present illness
After 4 mo of other treatments in which no progress in healing was observed, the patient volunteered to take HI therapy for 6 mo. During the first month, we also performed mild sharp debridement weekly. On October 14, 2019, we performed a deep, large, sharp debridement, enlarging the wound area. Within 6 mo of the start of HI therapy, the wound tissue was completely healed.

History of past illness
No other positive history of past illness was known.

Personal and family history
The patient declared no smoking or alcohol history, nor any other noteworthy family medical history.

Physical examination
A round chronic wound with a diameter of about 2 cm was found in the patient’s left shoulder.

Laboratory examinations
Blood tests showed no obvious abnormality.

Imaging examinations
No imaging examinations were performed as the patient displayed good conditions except the wound on the patient’s left shoulder.

FINAL DIAGNOSIS
The final diagnosis of the case was chronic wound.

TREATMENT
In the first surgery, the wound was sutured after implantation of the dilator under skin at the back of the patient’s shoulder. In the second surgery, we removed the dilator and transplanted the expanded shoulder skin to the chest.
Two rounds of RT followed surgery. The first round was given 1 d after the first surgery, and the second occurred 1 wk after the first round. The dose was 900 centigrade.
No progress in healing was observed during the first 4 mo of treatments, which included topical spray of recombinant bovine basic fibroblast growth factor (rbFGF) and hyperbaric oxygen (HBO) therapy, together with topical application of sterile gauze. Then, the patient volunteered to take HI therapy, along with topical application of sterile gauze for 6 mo. During the first month of HI therapy, we also performed mild sharp debridement weekly. On October 14, 2019, we performed a deep, large, sharp debridement, enlarging the wound area (Figure 1).
HBO therapy was provided with 82% oxygen at a pressure of 1.5 atm. Pressure was increased from 1.0 to 1.5 atm over the course of 15 min, after which it was sustained at the latter level for exactly 1 h. The decrease of oxygen pressure took another 15 min, after which the patient exited the chamber.
rbFGF therapy involved daily topical spray of rbFGF at 150 AU/cm2 three times per day.
HI therapy involved inhalation of a mix of hydrogen (66%) and oxygen (33%) gas at a flow rate of 3 L/min using KLE-H7 hydrogen generator (Kelieng Biomedical Co. Ltd., Shenzhen, China) for 2 h/d

Manifestations of chronic wound healing process after HI therapy
During the first 40 d of HI treatment before sharp debridement on October 14, 2019, the patient’s wound showed improvements, though we saw no significant wound closure resulting from the weekly mild sharp debridement. Due to the early subcutaneous implantation of the dilator, the skin and muscle layers at the wound were severely separated. One week after HI treatment, the wound bed became shallower, and adhesion between the skin and wound bed was tighter (Figure 2A and B). From week two onward, fresh granulation tissue was seen around the wound edge, which could have reflected the start of reepithelialization. In addition, more blood vessels were observed at week two and after two and a half weeks, which was another sign of improved healing (Figure 2C and D).

HI therapy aided chronic wound closure
After the final sharp debridement on October 14, 2019, although the wound area was enlarged due to the removal of slough tissue (Figure 3A), wound closure changes became visible. Wound closure reached 20% in the following month and 54% in the subsequent month compared to the area on October 14, 2019 (Figure 3B and C); no infection was observed. From January of 2020 onward, a scab began to form, covering the wound bed (Figure 3D). On February 2, the skin around the scab was better remodeled, with thickening of the epidermis (Figure 3E). The scab fell off on March 6, and the wound closure process was finished (Figure 3F), although further remodeling was still ongoing.

OUTCOME AND FOLLOW-UP
The operation went smoothly, and the patient recovered and was discharged. Examinations immediately after surgery and 6 mo later showed that the surgical incision healed well without obvious scarring (Figure 4). The patient was satisfied with the effectiveness of treatment.

DISCUSSION
Keloids are benign raised scars resulting from excessive tissue proliferation and excess collagen deposit during wound healing[13]. Surgical excision followed by immediate postoperative RT is one of the most effective treatments in reducing the recurrence rate of keloids[14,15]. However, RT can also disrupt the ordered sequence of cellular interactions, resulting in repetitive inflammatory responses and delayed and inadequate wound healing[16]. Current strategies for treating irradiated delayed wounds always include standard wound care, vacuum-assisted devices, supplementation for nutritional deficiencies, and measures to optimize blood and oxygen supply. HBO, growth factors, special dressings, and even injections of cells are used in clinical treatment[1].
It is hard to determine whether HBO or rbFGF combination treatments have a significant influence on the healing of irradiated chronic wounds because of the inability to compare with controls. These treatments also have some limitations. For example, HBO therapy is more effective for hypoxic wounds so it has the disadvantage of limited treatment scope[16,17]. Patients with complications such as untreated pneumothorax, multiple fractures, retinal detachment, internal bleeding, severe cold and rhinitis, high fever, high blood pressure, and early pregnancy and menstrual period are not suitable for the HBO therapy[18]. Due to their side effects, growth factors have seen little use in clinical practice until now.  This involves the safety of recombinant products. It is necessary to establish a variety of quality control standards and toxicity inspection[19].
In our case study, at least within the first 4 mo, we saw very little progress in wound healing. Healing of chronic wounds is a complex process, with a disrupted cascade of events and blocked cellular interaction[20]. Our findings showed that HI treatment  promoted better adhesion between skin and muscle tissues that had been separated by dilator implantation and flap surgery (Figure 2), and it improved the process of reepithelialization (growth of wound edge; Figure 2) and wound closure speed (Figure 3).
Most chronic wounds share common inflammatory disorders[21]. The skin is composed of cells (mainly ﬁbroblasts, endothelial cells, and keratinocytes) and ECM[22]. The migration of fibroblasts and related cells is responsible for wound bed closure, and the deposition of ECM has many key functions, including providing structure, organization, and orientation to cells and tissues, as well as strengthening and binding tissues. The successful outcome for our patient after HI treatment could have been related to the suppression of inflammation, as well as to better ECM deposit and cell migration.   Further experimental evidence is still needed, however.
Hydrogen plays an important role in many disease models due to its antioxidant, anti- apoptotic, and anti-inflammatory properties. Previous studies have proven that hydrogen therapy promotes the process of burn tissue recovery[9,23]. Molecular hydrogen has been used in a variety of novel therapeutic applications[9,10,24,25]. There are many ways to give hydrogen, such as intraperitoneal and intravenous injection of hydrogen-rich water, drinking hydrogen-rich water, and inhaling a mixture of hydrogen with the help of a ventilator[24,26,27].
Some studies have shown that one-time hydrogen preconditioning did not reduce the ischemia-reperfusion injury of a rat skin flap, but this may be related to the short treatment time or the short residence time of hydrogen[26]. Therefore, the selection of treatment time and administration mode of hydrogen also is very important. In previous studies, the hydrogen absorption concentration was below 5% in low concentration treatments and in high concentration treatments[28]. Administration times also differed, which may affect the treatment outcome. Further exploration is needed to find the most appropriate hydrogen delivery mode, dosage, and treatment time to achieve the best outcome.

CONCLUSION
Patients with keloids who undergo radiation after skin graft surgery can develop refractory, or chronic, wounds. Our case study found that HI was effective in healing a chronic shoulder skin wound, with better treatment results than HBO and growth factor therapy. The HI therapy accelerated the reepithelialization process and probably also the accumulation of ECM deposit. Therefore, HI therapy shows promise as a less expensive, cleaner, and more available option for future clinical wound care.
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Figure 1 Clinical course, treatments, and outcomes of the case.
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Figure 2 Outcomes of the patient after hydrogen inhalation therapy in the first 3 wk. A: Deep wound (red arrow) before hydrogen inhalation therapy, with the skin separated from the subcutaneous tissue; B: The wound grew shallower (red arrow), and the skin adhered better to the subcutaneous tissue; C: Wound edge migration was initiated (black arrow), and more blood vessels were visible in the wound bed; D: More migration around the wound edge (black arrow).
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Figure 3 Healing process of the patient’s chronic wound in the 5 mo following hyperbaric oxygen therapy. A: On the first day after deep, sharp debridement (October 14, 2019), the wound was enlarged to 2.5 cm × 2.3 cm; B: One month later (November 14, 2019), rapid reepithelialization had occurred, and wound edge migration was observed; C: The wound closed further (December 5, 2019), and a small amount of exudate was secreted around the wound edge; D: A scab formed on top of the wound bed (January 9, 2020); E: Tissue beneath the wound was further remodeled and repaired, with a scab covering the wound bed (February 2, 2020); F: The scab fell off and the wound was healed.
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Figure 4 The patient’s facial appearance at the 1-yr follow-up after surgery.
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