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Objective: To observe the efficacy and prognosis of low-temperature plasma ablation + drug therapy in the treatment of fungal
corneal ulcers.

Methods: The present paper presents a retrospective clinical study with a subject base of 34 eyes. Patients with a fungal corneal ulcer
who visited the Affiliated Eye Hospital of Nanchang University between August 2019 and December 2021 were selected as the study
participants. They were found to have highly reflective fungal hyphae in the corneal stroma layer via confocal microscope examina-
tion, which were revealed to be positive on etiology examination, with the ulcer and infiltration depths <1/2 of the corneal thickness.
The efficacy and prognosis were observed after treatment with low-temperature plasma ablation + drug therapy.

Results: A total of 34 cases (34 eyes) had clinical manifestations of corneal infiltration and corneal ulcer formation, with a corneal
lesion diameter of 1.31-8.64 mm (average = 4.79 + 2.03 mm). The average healing time of corneal ulcers was 6.2 + 1.7 days. Among
a total of 34 cases (34 eyes) in patients with fungal keratitis, the infection was controlled and the ulcers gradually healed after
treatment with low-temperature plasma system + drug therapy in a total of 30 cases (30 eyes, 88%). A total of three cases (3 eyes, 9%)
exhibited no clear improvement after the treatment, and the patients underwent conjunctival flap covering surgery. One case (one eye,
3%) exhibited no clear improvement after further treatment, with the patient experiencing corneal perforation and ultimately under-
going penetrating keratoplasty.

Conclusion: Low-temperature plasma ablation + drug therapy can effectively control the progression of fungal keratitis infection, as
well as significantly shorten the ulcer healing time, and is, therefore, an effective method.
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Introduction

Fungal keratitis is a type of blindness-causing keratopathy caused by pathogenic fungal infection and ranks first in the
rate of blindness due to infectious keratitis in China." Fungal keratitis does not respond well to drugs, and there are few
types of antifungal drugs that have shown efficacy, greatly limiting the clinical choice. While on the other, due to the
characteristics of fungal corneal ulcers being covered by colonies and the weak permeability of the cornea to the drug, the
absorption of drugs is adversely affected. These two factors clearly reduce the antifungal drug response rate. Common
surgical treatments include conjunctival flap covering surgery, lamellar keratoplasty, and penetrating keratoplasty.
Conjunctival flap covering can be used to effectively apply inflammatory mediators and transport the drug in blood
vessels to the surface of corneal ulcers, thus promoting their repair. However, after the ulcer is repaired, the blood vessels
of the conjunctiva cannot completely subside, leading to a serious decline in corneal transparency, thereby, affecting
vision. Following conjunctival flap covering surgery, most patients require further keratoplasty to improve their vision
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following inflammation control. Keratoplasty is also an option when fungal corneal ulcers occur. However, when
keratoplasty is performed in the inflammatory period, there is the possibility of fungal recurrence. A fungal corneal
ulcer increases the chance of transplant rejection since anti-hormone rejection drugs cannot be used following kerato-
plasty. Therefore, it is critical to research and develop effective and safe treatments for fungal keratitis (FK), to slow
down the adverse impact on the vision of patients with FK.

The past decade has seen the rapid application development of low-temperature plasma in the fields of medicine and
medical therapy. As a surgical tool, plasma has significant effects in terms of cutting, cauterizing, drying, or coagulating
blood and tissues;® however, in electrosurgery, the high-temperature characteristics of traditional thermal plasma result in
unnecessary damage to tissues, often leading to cell water loss, protein denaturation, and tissue inactivation.> The recently
emerging microplasma (low-temperature plasma generated in the tiny-volume cavity gap) has been gradually changing the
current treatment status.” The average temperature of this microplasma is 25°C—28°C, and the ablation depth is approxi-
mately 50 um, eliminating the risk of tissue damage.® As a result, microplasma and other “cold” plasma technologies have
been rapidly introduced into the areas of dermatology, oncology, otorhinolaryngology, gastroenterology, and stomatology.>®
Relatively speaking, the application of atmospheric pressure low-temperature plasma technology has been significantly
slower in ophthalmology than in other medical disciplines. While the antibacterial effect of plasma on various ocular
pathogens has been reported, few studies have been conducted on fungal keratitis.*® Low-temperature plasma jets have been
proven to be a highly effective method in healing rabbit cornea infected with Candida albicans. Generating low-temperature
plasma micro-columns, the jet array is particularly suitable for the ophthalmic treatment of fungal infection.”

Therefore, in the present study, we aim to assess the treatment efficacy and recovery prognosis of low-temperature
plasma ablation combined with drug therapy in the treatment of fungal keratitis.

Materials and Methods

Participants

A total of 34 patients (34 eyes) with fungal keratitis treated using low-temperature plasma ablation + drug therapy who
visited the Affiliated Eye Hospital of Nanchang University between August 2019 and December 2021 were retro-
spectively observed. The patients comprised 26 males and eight females, who were aged 31-75 (average age = 59.0 =
10.3) and had a preoperative best corrected visual acuity (BCVA) light perception of ~0.7.

The inclusion criteria included the following under corneal confocal microscope observation: (1) suspected fungal
hyphae growth was found between corneal stroma layers; (2) the results of corneal scraping, conjunctival sac discharge,
or corneal swab culture were positive; (3) the anterior segment optical coherence tomography (OCT) confirmed an
infiltration depth of <1/2 of the corneal thickness; and (4) the B-ultrasound indicated no obvious vitreous opacity. The
exclusion criteria included the presence of concomitant endophthalmitis, other eye diseases (eg, glaucoma and iridocy-
clitis), and/or systemic diseases (eg, diabetes or other autoimmune diseases).

All patients signed the informed consent form, thus meeting the ethical requirements.

Methods

Medical History

The patient was asked to provide his/her medical history in detail after admission. This included whether they had
a history of trauma caused by plants and/or soil or whether they had undergone long-term local and/or systemic
application of glucocorticoids and antibiotics.®

Ocular Examination

After admission to the hospital, the patients underwent routine eye examinations. (1) Corneal scrapers, conjunctival sac
secretions, or corneal swabs were taken for culturing; (2) the depth of infection infiltration was confirmed through a slit-lamp
microscope and anterior segment OCT examination; and (3) endophthalmitis was ruled out via ocular B-ultrasound examina-
tion. First, the mycelium was identified using a confocal microscope before, based on the results of the smear culture, the
corresponding antifungal therapy was applied. The effects of the drug treatment were observed under a slit-lamp microscope on
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a daily basis, which included observing whether (1) the ulceration scope narrowed, (2) the boundary was clear, (3) the depth of
infiltration decreased, (4) the hypopyon was absorbed, (5) the pseudopodia had subsided, and (6) the epithelium was scarred.

Treatment methods

Topical Eye Drop Therapy

All patients were treated with 1% voriconazole eye drops (10 mg/mL sterile water for injection) once every 15
min, amphotericin b eye drops (0.25 mg/mL sterile water for injection) once every 15 min, 0.5% levofloxacin eye
drops (Santen Pharmaceutical Co., Ltd.) (qid), pranoprofen eye drops (Senju Pharmaceutical Co., Ltd.) (tid), and
oral voriconazole tablets (SANDOZ Pharmaceutical Co., Ltd.) (400 mg for the first dose, then 200 mg bid).

In terms of medication, after 3—5 days, if the ulcer exhibited no healing tendency, the infiltration range exhibited no
limiting tendency, and the infiltration depth was judged to be less than 1/2 of the corneal thickness through the slit-lamp
microscope and anterior segment OCT results, patients who were unwilling to undergo keratoplasty or were not suitable
for conjunctival flap covering were treated with the low-temperature plasma system for ablation.

Low-Temperature Plasma Radiofrequency Ablation Surgery Method

The patient was placed in a supine position, and the operative eye was covered by a routine surgical field
disinfection drape. Oculomotor nerve block anesthesia was performed on the operative eye, with the eye opened
to wash the conjunctival sac with sodium chloride injection. Visible corneal edema (gray in color) signified that
the fungal infection had deeply infiltrated the focal area. The fungal coating on the corneal surface was scraped off
with a 45 blade, and the focal surface was polished with an MC-409 low-temperature plasma cutter (energy = 40
mW) from the focal center. A voriconazole injection (5 mg/mL sterilized water for injection) was injected into the
corneal stroma of the focal area. After the operation, the eye was bandaged.

Postoperative Therapy

On the day of operation, 1% voriconazole eye drops (10 mg/mL sterile water for injection) once every 30 min,
amphotericin b eye drops (0.25 mg/mL sterile water for injection) once every 30 min, 0.5% levofloxacin eye drops
(Santen Pharmaceutical Co., Ltd.) (qid), pranoprofen eye drops (Senju Pharmaceutical Co., Ltd.) (tid), and oral
voriconazole tablets (SANDOZ Pharmaceutical Co., Ltd.) (200 mg bid) were administered.

On postoperative day 1 until discharge, 1% voriconazole eye drops (10 mg/mL sterile water for injection) once
every hour, amphotericin b eye drops (0.25 mg/mL sterile water for injection) once every h, 0.5% levofloxacin eye drops
(Santen Pharmaceutical Co., Ltd.) (qid), pranoprofen eye drops (Senju Pharmaceutical Co., Ltd.) (tid), and oral
voriconazole tablets (SANDOZ Pharmaceutical Co., Ltd.) (200 mg bid) were administered.

Outcome Measures

Visual acuity, intraocular pressure, and slit-lamp examinations were conducted daily for three days after the operation.
The international standard Snellen chart was used to record the visual acuity (converted to LogMAR for statistical
analysis). Light perception, manual, and index were assigned 2.6, 2.4, and 2.0 LogMAR, respectively.” The BCVA
values and the size of the infiltration or scar, the epithelial re-formation time, the corneal perforation rate, and/or

therapeutic penetrating keratoplasty' %'

at postoperative day 3 and week 3 were used to evaluate the treatment
outcomes. Re-epithelization is defined as the absence of epithelial defects, determined by fluorescein sodium
staining.'?

The statistical analysis was conducted using SPSS 23.0 software. Measurement data conforming to normal distribu-
tion were expressed as mean + standard deviation (X % s). The paired sample r-test was used to compare the largest
transverse meridian of corneal lesion before and after surgery. The measurement data of non-normal distribution was
expressed by median (M; P25, P75), and the Wilcoxon signed-rank test was used before and after the operation.

A P value of <0.05 was considered statistically significant.
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Results

Clinical Manifestations

The present study comprised 34 cases (34 eyes) of fungal keratitis, which included 21 cases (21 eyes, 62%) with
a definite history of phytotrauma, 10 cases (10 eyes, 29%) with no obvious inducement, and three cases (three eyes, 9%)
with a definite history of dust and sand contact. A total of 34 cases (34 eyes) had clinical manifestations of corneal
infiltration and corneal ulcer formation, with the largest corneal lesion diameter of 1.31-8.64 mm (average = 4.79 +
2.03 mm) (Table 1 and Table 2).

Postoperative Efficacy

After day 1 of the low-temperature plasma ablation treatment, the corneal focus boundary in all patients with fungal
keratitis cleared, and there was no significant aggravation at the place of infiltration. However, mild edema manifested at
the surgical wound of the cornea, which, in general, gradually subsided five days later. After day 1-day 3 of the low-
temperature plasma ablation, the corneal lesions gradually re-epithelized. In 30 cases (30 eyes, 88%), the infection was
controlled, and the ulcer gradually healed after treatment with low-temperature plasma system + drug therapy.
Furthermore, three cases (three eyes) (9%) exhibited no clear improvement following treatment with low-temperature
plasma system + drug therapy, but then gradually improved after undergoing conjunctival flap covering surgery. In one
case (one eye) (3%), there was no improvement following treatment, and the lesion gradually spread into the deep layer,
quickly causing corneal perforation. This patient ultimately underwent penetrating keratoplasty.

A total of 33 cases (33 eyes) were cured using low-temperature plasma ablation, and in the 1-6-month postoperative
follow-up, the patients had completely healed ulcers, as well as re-epithelialization, no infiltration of the corneal stroma,
or corned macula or leukoplakia left by scarring in the focus area. The re-examination via corneal confocal microscopy
revealed no hyphae. The last postoperative slit-lamp microscope examination of the cured patients revealed a maximum
diameter of 1.04—7.98 mm (average = 4.72 + 2.11 mm) among the ulcers in the focus area, with no significant difference
(t = 0.139, P = 0.890) compared with that before surgery (average = 4.79 + 2.03 mm). Furthermore, the BCVA (log

Table | Characteristics of Foci in Hospitalized Patients’ Affected Eyes

Characteristics Number of Cases | Percentage
Maximum transverse diameter of ulcers (mm) <3 7 20%
3~5 15 45%
25 12 35%
Ulcer depth < 1/3 of corneal thickness 22 65%
1/3~1/2 of corneal thickness 12 35%
Scope of pupillary zones covered by ulcers < |/3 of pupillary zones 10 30%
1/3~1/2 of pupillary zones 12 35%
2 |/2 of pupillary zones 12 35%

Table 2 Culture Characteristics of Pathogens

Pathogen Species Number of Affected Eyes | Percentage
Curvularia lunata 2 6%
Fusarium 7 20%
Acremonium 2 6%
Candida albicans 4 12%
Streptococcus agalactiae | 3%
Others* 18 53%
Total 34 100%

Note: *The hyphae can be seen under a confocal microscope, and the hyphae of
corneal lesion scraping are positive, but no fungal species were cultured.
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MAR) (0.09 [0.64 + 0.26]) was improved, with the difference statistically significant (Z = 3.918, P < 0.001) compared
with that before operation (0.15 [1.29 £ 0.84]) (Figures 1 and 3, Table 3).

Discussion

In this study, 30 patients with fungal keratitis with poor drug efficacy were treated with low-temperature plasma
combined with drug therapy. Thirty eyes of 30 patients (88%) were cured, and no cases of infection recurred during
1-6 months postoperative follow-up. The visual acuity of 23 eyes (68%) was improved in different degrees during
follow-up compared with that at admission. In this study, the low-temperature plasma radiofrequency ablation technology
was applied to the treatment of ophthalmology diseases (mycotic keratitis direction) and combined with antibacterial
drugs, and satisfactory results were obtained. The lack of treatment methods for fungal corneal ulcers, as well as the poor
treatment effects, has forced many researchers to conduct relevant research and development. At present, to save the
residual vision of patients with fungal keratitis, protect their life and health, and improve their quality of life, many
research institutions combine images with artificial intelligence or develop various complex and precise instruments to
create safer and more efficient treatment methods for the purpose of timely diagnosis and precise treatment.?

One of these methods, the low-temperature plasma ablation technique, is gradually maturing. This technique has been
widely used in all kinds of operations in clinical practice due to its merits, which include small trauma to tissues, good
safety, minimal invasiveness, convenience, and accuracy. The method’s main working principle is the formation of
a highly concentrated plasma area around the electrode through a conductive medium, where highly ionized particles act
on human tissue cells, breaking the organic molecular chains in the cells to separate molecules from each other and
shrink the tissues. Since the current does not directly pass through the tissue, the treatment temperature is low and
controllable, and the tissue fever is minimal, with the tissue often ablated at a fixed point at 40°C—70°C, thus protecting
the normal mucosa and surrounding structures to the greatest possible extent, relieving the patient’s postoperative pain,
and shortening the postoperative recovery time.'

The MECHAN (MC409) low-temperature plasma ablation system was used for testing. It was simultaneously
supplemented with normal saline infusion during the operation to keep the working temperature of the plasma cutter
at 25°C-28°C. The surface of the lesion was scraped repeatedly to remove fungal colonies, exfoliate epithelial tissues,
and expose the healthy matrix to promote healthy corneal epithelium crawling and growing for re-epithelization, thereby
completing the ulcer repair. Moreover, the exposed corneal stroma can absorb antibacterial drugs more fully, which has
a supporting effect on the improvement of the antibacterial drugs’ curative effect. In addition, based on the characteristics
of breaking molecular bonds by low-temperature plasma, the hyphae of fungi can be directly lyzed to prevent fungi from
infiltrating into healthy tissues.

In this study, in the patients with fungal corneal ulcer treated with low-temperature plasma ablation combined with
drugs. The visual acuity of the majority (90%) of the patients improved to varying degrees, and the effect of visual acuity
was directly related to the size of the ulcer and the range of the covered pupil area. The ulcers in 30 eyes were obviously
limited and no longer developed deeper after low-temperature plasma ablation combined with drug treatment. Corneal re-
epithelialization in the lesion area was observed—the median time of re-epithelialization was 7 days, and the mean time
was 6.2 + 2.7 days. Moe et al reported in a retrospective study that 103 samples of fungal keratitis were treated with local
antifungal drugs only, and the median time for re-epithelialization of affected eyes was 30 days.'> It has also been
reported that 5% natamycin and 1% voriconazole are effective primary agents for the treatment of fungal keratitis, and
the mean healing time of ulcers is as long as 24.3 days and 27.2 days, respectively.'® In conclusion, the re-
epithelialization time of low-temperature plasma ablation combined drug therapy is significantly shorter than that of
local drug therapy alone.

The low-temperature plasma radiofrequency ablation caused little damage to the surrounding tissue, and the patients
did not complain of obvious discomfort after surgery—the symptoms of eye irritation were less severe than those of
previous debridement by mechanical scraping with surgical blades (mainly manifested in postoperative tingling, foreign
body sensation, tears, and other symptoms). In three cases, the ulcer covered the pupil area of three eyes, and the lesion
had a tendency of deep infiltration. To promptly control the progression of the disease and avoid further damage to the
visual quality of the affected eye, the postoperative treatment was combined with conjunctival flap covering, and the
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Figure | Pre-and post-operative conditions of patients undergoing low-temperature plasma. (A) Pre-operative slit-lamp examination shows unclear boundaries of corneal
ulcers, hyphae coat, and formed pseudopodia around ulcers; (B) a large number of crisscross highly reflective fungal hyphae were seen under a pre-operative corneal
confocal microscopy; (C) pre-operative anterior segment optical coherence tomography (OCT) indicates local infiltration of corneal epithelium and the lesion range of less
than 1/2 corneal thickness; (D) the slit-lamp examination on postoperative Day | shows that the ulcer area was brighter than before; (E) the slit-lamp examination on the
postoperative Day 3 shows mild corneal edema with a clear boundary; (F and G) the slit-lamp examination at postoperative Week 3 shows the ulcer focus became lighter
and thinner, with clear boundary; after sodium fluorescein staining, the corneal epithelium was not stained and the ulcer was completely scarred.
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Figure 2 Preoperative and postoperative observed corneal conditions. (A) The patient’s corneal ulcer was formed, with visible bacterial moss and pseudopodia. (B) A large
number of filamentous high-density shadows (fungal hyphae) can be seen under a confocal microscope. (C) 1% KOH wet film of ulcer scrapings shows mycelium structure
under the microscope. (D) The patient’s ulcer surface was clean after debridement with the low-temperature plasma surgery system. (E) Fluorescence staining of the cornea
at post-operative Week 2 shows the healing of the corneal ulcer and complete epithelial repair. (F) In vivo confocal microscopy examination at post-operative Week 2
reveals no clear hyphal structures.

ulcer lesions were gradually limited with clear boundaries. Fusarium was cultured in two out of three patients undergoing
conjunctival flap covering in three eyes, which may be related to the protective hydrophobic protein and rodlike layer
covering Fusarium cells to avoid recognition by immune cells,'” and the special biological activity of Fusarium that
requires higher concentration of specific antifungal drugs to inhibit Fusarium growth.'® After low-temperature plasma
ablation combined with drug treatment, the lesions did not improve in 1 case and 1 eye, and the infiltration gradually
developed deeper. Corneal perforation occurred on the 2nd day after the surgery, and penetrating keratoplasty was finally
performed. Although no positive bacteria were cultured in this case, considering the large area of the ulcer lesions and the
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groups

LogMAR

Figure 3 Boxplot of patient’s visual acuity test at postoperative day 3 and week 3.
Notes: The postoperative visual acuity was improved with statistical significance. ***P < 0.001.

pyemia in the anterior chamber during hospitalization, it may be related to the fungus penetrating the stroma layer and
invading the anterior chamber.

In summary, fungal keratitis has a constantly increasing prevalence and incidence with a long disease course and poor
efficacy. The disease mainly occurs in low-income areas, and its high blindness rate brings a heavy burden to individuals
and families. The present study revealed that low-temperature plasma ablation + drug therapy has a high recovery rate
(97%) with a good prognosis for patients with fungal keratitis with an infiltration depth of <1/2 of the corneal thickness.
The treatment method can significantly reduce the blindness rate; however, due to the small sample size, the lack of
a control group, and the short follow-up time in some patients in the present study, further studies are required to

Table 3 Changes in the Visual Acuity of 33 Cases (33 Eyes) at Postoperative Day 3 and Week 3

Postoperative Day 3 Postoperative Week 3
Vision of Affected Eyes | Logmar | Number of Cases | Vision of Affected Eyes | Logmar | Number of Cases
Light perception 2.6 4 Index 2 |
Manual 2.4 2 0.01 | |
Index 2 5 0.08 1.09 |
0.01 2 2 0.1 | 5
0.04 1.39 2 0.12 0.92 |
0.05 1.3 [ 0.2 0.69 5
0.08 1.09 [ 0.3 0.52 4
0.15 0.82 2 0.4 0.39 6
0.2 0.69 4 0.5 0.3 4
0.3 0.52 3 0.6 0.22 2
0.4 0.39 4 0.7 0.15 |
0.5 0.3 [ 0.8 0.09 2
0.6 0.22 [
0.7 0.15 [
Total 33 33
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determine the indication and long-term efficacy of superficial fungal keratitis. The specific mechanism of the efficacy of
low-temperature plasma on fungal keratitis requires further exploration.

Conclusions

At present, fungal keratitis has a constantly increasing prevalence and incidence with a long disease course and poor
efficacy, bringing a heavy burden to individuals and families. The present study reveals that low-temperature plasma
ablation + drug therapy has a high recovery rate (97%) with a good prognosis for fungal keratitis patients with an
infiltration depth of <1/2 of the corneal thickness, while it can also significantly reduce the blindness rate. However, due
to the small sample size, lack of a control group, and short follow-up time, further studies are required for the indication
and long-term efficacy of superficial fungal keratitis.
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