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Introduction: High-grade squamous intraepithelial lesions (HSIL), such as
cervical intraepithelial neoplasia grade 3 (CIN3), are precursors to invasive
cancer. Although cancer develops in only 1-2 out of 10 patients with CIN3,
all patients typically undergo invasive procedures. This overtreatment affects
approximately 90% of CIN3 patients, especially young women, posing risks
to fertility and pregnancy outcomes. Non-invasive physical plasma (NIPP)
treatment via low thermal argon plasma devitalization (APD) technology
offers a novel, outpatient alternative with potential tissue-preserving and
antineoplastic properties.

Methods: This prospective, monocentric, randomized, controlled phase llb trial
(NCT04753073) evaluated the efficacy of APD in achieving histological remission
of CIN3, compared to the natural course in an untreated control group. Forty
premenopausal women aged 18 years or older with confirmed CIN3 were
enrolled and randomized into two groups: 20 underwent a single APD treatment
session followed by large loop excision of the transformation zone (LLETZ) 6—
8 weeks later, and 20 served as untreated controls undergoing LLETZ only.
Pain perception and patient satisfaction were assessed via visual analog scale
and the Freiburg Index of Patient Satisfaction (FIPS), respectively. Statistical
analyses included Fisher's exact tests and odds ratio (OR) calculations and were
conducted using SPSS.

Results: Complete histological remission of CIN3 was observed in 33.3% of
APD-treated patients compared to 5.0% in the control group (p = 0.025,
OR = 9.43). Partial remission occurred in 27.8% of APD patients and 15.0%
of controls, while persistent CIN3 was more common in controls (80.0% vs.
38.9% in APD-treated patients). APD treatment also facilitated RO resection
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during consecutive LLETZ in 94.4% of cases versus 65.0% in the control group
(p = 0.082). No severe adverse events were reported, and patient satisfaction
was comparable between groups.

Conclusion: APD treatment demonstrates significant efficacy in inducing
histological remission of CIN3, reducing lesion severity, and preserving tissue.
This innovative approach offers a promising, minimally invasive alternative
to conventional surgical methods, particularly for women of childbearing
age. Given the current issue of overtreatment with invasive procedures, APD
could significantly reduce unnecessary interventions. Larger, multicenter trials
are warranted to confirm these findings and establish APD as a standard
treatment for HSIL.

Clinical trial registration: https://www.clinicaltrials.gov/study/NCT04753073,
identifier NCT04753073.

KEYWORDS

cervical cancer, high-grade squamous intraepithelial lesions, cervical intraepithelial
neoplasia, non-invasive physical plasma, low thermal argon plasma devitalization,

tissue-preserving treatment, fertility preservation, minimally invasive therapy

Introduction

Cervical cancer is the fourth most common cancer in
women with claiming approximately 350,000 deaths in 2022
(1). The pathogenesis of this disease follows a progression
from precancerous lesions, predominantly caused by persistent
infection with high-risk human papillomavirus (hrHPV). Notably,
the highest incidence rates occur in low- and middle-income
countries, disproportionately affecting younger women (1).
Cervical intraepithelial neoplasia (CIN), a precursor to invasive
cancer, is classified into grades based on the severity of cellular
dysplasia. While CIN1 exhibits mild dysplastic changes, CIN2 and
CIN3 demonstrate moderate to severe alterations. Furthermore,
the standardized Bethesda Classification, distinguish between
low-grade squamous intraepithelial lesion (LSIL), corresponding
to mild dysplasia (CIN1), and high-grade squamous intraepithelial
lesion (HSIL), encompassing moderate to severe dysplasia (CIN2
and CIN3) with higher malignant potential (2). According
to current guidelines, CIN3 consistently requires appropriate
excisional treatment, even though only about 12% of CIN3 lesions
progress to invasive cervical cancer (3). Current standard treatment
for HSIL often involves large-loop excision of the transformation
zone (LLETZ). In selected cases, alternative methods such as
thermal, laser, or cryoablation are employed (4). LLETZ and
alternative treatments typically require local or general anesthesia
and result in tissue destruction, which may lead to significant
complications (5, 6). These include reduced fertility, increased
risk of preterm birth, higher cesarean section rates and low birth
weight in subsequent pregnancies (7-9). This overtreatment
with invasive procedures (relevant for approximately 9 out of 10
patients) represents a significant issue for affected women and the
healthcare system. A non-invasive tissue preserving treatment,
eliminating the need for general and local anesthesia, could
address these challenges. Non-invasive physical plasma (NIPP)
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treatment via argon plasma devitalization (APD) technology
using the VIO3/APC3 electrosurgical argon plasma device (Erbe
Elektromedizin, Tiibingen, Germany) emerges as a promising
candidate. This monopolar surgical method, utilizing an low
temperature argon plasma beam, enables precise, tissue-preserving
and effective treatment of CIN lesions while preserving underlying
stromal tissue structures by applying a homogeneous, brush-like
plasma application (10-12). Antineoplastic effects are driven by
reactive oxygen and nitrogen species (ROS/RNS) that exhibit
transmucosal activity, ideal for eradicating precancerous lesions
without damaging adjacent tissues (10, 13-17). Preliminary
monocentric dose-finding and subsequent confirmatory studies
demonstrated safe and effective tissue preservation in CIN1/2
patients (10, 18).

In this prospective, monocentric, controlled clinical study, we
evaluate the efficacy of the APD intervention in patients with
histologically confirmed CIN3, compared the outcomes to the
spontaneous remission rate observed in a control cohort, and
thereby aim to establish a proof-of-principle.

Methods

Study design

The study has been carried out as a controlled, randomized,
prospective, phase IIb clinical trial (NCT04753073), performed at
the Department for Department for Women’s Health, Tiibingen,
Germany. The trial was conducted in accordance with “The Code of
Ethics of the World Medical Association” (Declaration of Helsinki)
and was approved by the Ethical Committee of the Medical Faculty
of the Eberhard-Karls-University Tiibingen (929/2020BO1). CIN3
(HSIL) was histologically confirmed during routine examination
by colposcopy-directed biopsy before study inclusion. The authors
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have obtained both informed consent and ethics committee
approval for studies on patients, patient records, or volunteers.

Inclusion and exclusion criteria

Inclusion  criteria for study participation included
premenopausal women aged over 18 years, a histologically
confirmed diagnosis of CIN3, and complete visibility of the
entire transformation zone and lesion margins. Exclusion
criteria included incomplete visualization of the transformation
zone or endocervical disease, clinical suspicion of invasive or
microinvasive carcinoma, severe systemic diseases, or pregnancy.
The study included only premenopausal women > 18 years, as this
represents the primary reproductive age group with high rates of
completely visible transformation zones (T1/T2), criteria not met

by postmenopausal patients.

Patient treatment

Patients underwent clinical evaluation, including colposcopy
and visual inspection with acetic acid (VIA) and Lugol’s iodine
staining, to detect CIN3 lesions. Treatment was performed
using low thermal APD (also known as non-invasive physical
plasma (NIPP) under colposcopic guidance with the VIO3/APC3
electrosurgical system (Ref. 10160-000 and Ref. 10135-000) and
3.2 mm FiAPC (Ref. 20132-222) probes (precise APC setting, effect
1), applied at a rate of 30 s per square centimeter with a reusable
silicone electrode mat. (Ref. 20183-016, all Erbe Elektromedizin
GmbH, Tiibingen, Germany). The APD probe was maneuvered
over the targeted tissue using controlled “brush stroke” movements
to minimize localized heating. The procedure was conducted
on an outpatient basis without the requirement for local or
general anesthesia.

Study design

The primary endpoint of the statistical analysis was to compare
the histological complete remission rates of CIN3 following LLETZ
performed within 8 weeks after APD treatment with those of an
untreated control group. The study included 20 patients in the
interventional group and 20 in the control group. Two participants
from the treatment group did not complete the study and were

10.3389/fmed.2025.1669933

excluded from the analysis. The primary endpoint focused on
assessing the rate of complete histological remission of CIN3 in
the APD-treated group after subsequent LLETZ (Figure 1). The
objective was to determine whether APD treatment enhances
histopathological remission compared to the natural progression of
cervical intraepithelial neoplasia.

Histology, cytology, and HPV assessment

Cytological smears were routinely stained according to
Papanicolaou at the Immunocytology lab at the Department for
Women’s Health at the Eberhard Karls University Tiibingen,
reports were generated according to the Munich IIT nomenclature.
Histological and immunohistological staining (HE and plé
monoclonal antibody at 1:2,000 titration, Abcam Ab108349) was
performed according to standard protocols at the Department for
Pathology and Neuropathology at the Eberhard-Karls University
Tibingen on formalin-fixed, paraffin-embedded (FFPE) biopsy
samples and resection specimen. The resections were processed
according to the national guideline on cervical cancer. For HPV-
diagnostics the Hybrid Capture 2 assay (HC2; Qiagen Inc., Hilden
Germany) and pl6 immunohistology (monoclonal antibody at
1:2,000 titration, Abcam Ab108349) were used at the Department
for Pathology and Neuropathology and the Department of Medical
Virology at the Eberhard-Karls-University Ttbingen, respectively.

Questionnaire and Freiburg index of
patient satisfaction

For the acquisition of possible perception of pain following
APD treatment we used a visual analog scale from 0 to 10. Scores
of 0 and 1 were defined as “no pain,” 2-4 as “mild pain” 5-
7 as “moderate pain” and 8-10 as “severe pain.” Other medical
conditions could be indicated as free text. Assessment of treatment
satisfaction after APD intervention the “Freiburg index of patient
satisfaction” was applied (19).

Statistical analysis

The objective was to investigate whether APD induces
more histopathological complete remissions compared to the
spontaneous course of cervical intraepithelial neoplasia in patients

APD-treatment group
n=18

Histologically confirmed CIN3
T1/2 zone

[

Surgical resection via LEETZ for
histological evaluation

J

|

Control group
n=20

Exclusion: T3 zone, invasive disease, severe
systemic disease, pregnancy, preferred
immediate surgical resection

[ J

FIGURE 1

CONSORT flow diagram showing participant enrollment, randomization, follow-up, and analysis.
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treated only with the standard operative procedure (LLETZ). As
this was a randomized controlled trial with proper randomization
and intent-to-treat analysis, unadjusted comparisons between
groups provide valid effect estimates without requiring further
statistical adjustment for potential confounders. All statistical
comparisons were conducted between the control and APD groups.
Categorical outcomes were analyzed using contingency tables,
with 2 tests applied for null-hypothesis testing when cell counts
were sufficient (n > 5); Fisher’s exact test was used when cell
counts were low (n < 5). For continuous variables, Student’s ¢-test
and Mann-Whitney U test were used to test the null hypothesis
between control and APD groups for normally distributed and
skewed data, respectively. Normality was assessed through visual
inspection of histograms and examination of skewness and excess
kurtosis statistics. Within the APD group, paired comparisons of
pre- and post-treatment results were conducted using paired ¢-tests
or Wilcoxon signed-rank tests, depending on the distribution of the
variable of interest. Unadjusted odds ratios (OR) were calculated
to assess the likelihood of complete remission between control and
APD (reference) groups. Due to the very small number of patients
without remission (only seven total, with only one in the control
group), no formal null-hypothesis testing was applied to the odds
ratio, and multivariable modeling with covariate adjustment was
not feasible. The randomized design of the trial ensures that the
unadjusted odds ratio remains a valid and interpretable measure of
treatment effect. All statistical analyses were conducted using IBM
SPSS Statistics Version 28.0.0.0 (SPSS Inc., Chicago, United States),
with two-sided p < 0.05 considered statistically significant.

Results

From 04/2021 to 05/2024 we included 40 patients with
histologically confirmed CIN3 lesions at the Dysplasia Center of
the Department for Women’s Health, Tiibingen, Germany in a
prospective, randomized, controlled clinical trial (NCT04753073).
The effect of APD treatment was compared to spontaneous
clinical course in the untreated control group by histopathological
examination of LLETZ samples. Following a diagnosis of CIN3,
20 patients in the treatment group underwent a single APD
treatment session, followed by LLETZ excision 6-8 weeks later. In
the control group, 20 patients were treated exclusively with LLETZ,
performed 6-8 weeks after the diagnosis of CIN3. Two patients in
the treatment group withdrew their consent to participate in the
study and were excluded from the statistical analysis.

Patient characteristics

In this study, we included women over 18 years of age with
histologically confirmed CIN3. Complete visibility of the entire
transformation zone (T1/2), including the margins of high-grade
intraepithelial lesions, was required for participation. Exclusion
criteria included incomplete visualization of the transformation
zone or endocervical disease, evidence of invasive disease, severe
systemic diseases, pregnancy or a preference for immediate surgical
resection. Patients were informed of the experimental nature
of APD application, which had demonstrated promising effects
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in treating CIN 1/2 lesions (18). Written informed consent
was obtained in accordance with the approved ethical protocol
(929/2020B01) before initiating APD or control treatment. Table 1
presents the characteristics of APD-treated patients compared to
the control group. At baseline, 5.6% of patients in the APD group
and 5.0% in the control group had normal cytological results (PAP
I or PAP II-a). In the APD group, 27.9% were classified within the
PAP III (D1/D2/-p) group compared to 50.0% in the control group,
while 66.7% of the APD group were diagnosed with PAP IVa-p
compared to 35.0% in the control group. 94.4% of APD treated
patients and 100.0% in the control group were hrHPV-positive at
baseline. In one APD case (5.6%) HPV testing lacked technical
evaluability. Generally, no clinically relevant differences of baseline
parameters were observed between the two groups.

Primary outcome: histological
assessment of APD efficacy

The evaluation of APD efficacy was based on histological
examination conducted after the follow-up LLETZ procedure,
performed approximately 6-8 weeks after the initial APD
treatment. Tissue samples obtained through LLETZ were analyzed
to determine the presence or remission of CIN3. Histological
characterization was conducted including HE in conjunction with
serial sections and p16 staining in all resection specimen. Among
the APD-treated patients, six cases (33.3%) demonstrated complete
remission with no evidence of intraepithelial lesions, compared
to only one case (5.0%) in the control group. Partial remission,
including the presence of CIN1/2, was observed in 5 patients
(27.8%) in the APD group, compared to 3 patients (15.0%) in
the untreated control group. In contrast, histological confirmation
of persistent CIN3 was found in the majority of control group
patients (16 cases, 80.0%), whereas only 7 patients (33.3%) in
the APD-treated group showed similar findings (p = 0.025). The
odds ratio (OR) for achieving histopathological complete remission
was calculated as 9.43 in the APD-treated group compared to
the control group, indicating a markedly higher likelihood of
remission with APD treatment. Table 2 summarizes the histological
outcomes following APD treatment in comparison to the control
group. Figure 2 illustrates a representative colposcopic image
from an APD-treated patient demonstrating histological complete
remission.

Secondary outcome: resection margins
(R1 or RO)

The effect of APD treatment on resection outcomes after
LLETZ was analyzed, focusing on its ability to reduce the severity
and extent of CIN lesions. APD treatment resulted in a reduction
in both the grade and size of CIN, facilitating a higher likelihood
of achieving RO resection during subsequent LLETZ procedures.
Among patients in the APD-treated group, 17 out of 18 (94.4%)
achieved RO resection, characterized by the absence of dysplastic
lesions at the surgical margins, compared to 13 out of 20 patients
(65.0%) in the control group. This indicates a potential benefit of
APD treatment in improving surgical outcomes, especially when R1
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TABLE 1 Patients characteristics APD group versus control group.

Patients characteristics

)

Control (N = 20)
(

10.3389/fmed.2025.1669933

So-vave

Age, years (n = 40, mean, range) 33.4(22-41 35.3 (23-47) 0.305m
Gravidities (number, percentages per group) 0G 9 (50.0%) 9 (45.0%) 0.0390
IG 7 (38.9%) 2 (10.0%)
G 1(5.6%) 6 (30.0%)
G 0 (0.0%) 2(10.0%)
VG 1(5.6%) 0(0.0%)
VG 0 (0.0%) 1(5.0%)
Parities (number, percentages per group) 0P 11 (61.1%) 10 (50.0%) 0.0130
1P 6(33.3%) 1(5.0%)
183 1 (5.6%) 8 (40.0%)
e 0(0.0%) 1(5.0%)
Cytology (n, %) PAPIorIl-a 1 (5.6%) 1(5.0%) 0.4780
PAP II-p 0 (0.0%) 2(10.0%)
PAP IIID1 1(5.6%) 2 (10.0%)
PAP IIID2 1 (5.6%) 3 (15.0%)
PAP III-p or 3 (16.7%) 5 (25.0%)
PAP IIl-g
P4pcPAP IV a-p 12 (66.7%) 7 (35.0%)
HPV high risk (n,%) unknown 1(5.6%) 0(0.0%) 0.8760
positive 17 (94.4%) 20 (100.0%)

For analysis of patient characteristics different statistical test were used and marked respectively: T-test (m) was used with metric, normally distributed variables. Due to small cell counts,

Fisher’s exact test (o) was used for ordinal variables.

TABLE 2 Histological remission rates after APD treatment.

After LLETZ

Histological remission ‘

APD Control
(n=18) |(n=20)
Histological No CIN 6(33.3%) 1 (5.0%) p-value
characterization 0.025 o
(0.%) CIN1 2(11.1%) 0 (0.0%)
CIN2 3(16.7%) 3(15.0%)
CIN3 7 (38.9%) 16 (80.0%)
CIN changes Full remission |6 (33.3%) 1 (5.0%) p-value
compared to study 0.028 o
start (0,%) Partial 5(27.8%) |3 (15.0%)
remission
Persistence 7 (38.9%) 16 (80.0%)

Statistical significance was tested due to small cell counts via Fisher’s exact test (o; two-sided).

and Rx may be clinically considered as indication for post-resection
(p = 0.045). A detailed overview of resection status distribution is
provided in Table 3.

Secondary outcome: evaluation of
patient-reported outcomes

One notable advantage of APD treatment is its suitability
for outpatient care, eliminating the need for local and general
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anesthesia. To assess patients’ subjective pain perception and
satisfaction with the treatment, the Freiburg Index of Patient
Satisfaction (FIPS) was utilized. FIPS measures the overall
satisfaction with treatment, including the perceived treatment
success. Higher values indicate greater satisfaction, while lower
values suggest dissatisfaction. The results of the survey are
summarized in Table 4. There was no statistically significant
difference in satisfaction ratings between APD treatment and
the standard operative procedure (LLETZ). Interestingly, we
found a statistically significant improvement in patient satisfaction
regarding therapeutic load of LLETZ after administered APD
treatment (Supplementary Tables 1-3).

No acute dose-limiting toxicities were observed during APD
treatment and LLETZ. Study participants reported only mild
adverse events, including smear bleeding, localized discomfort, and
increased vaginal discharge, following both APD treatment and
LLETZ. There were no statistically significant differences in the
frequency of adverse events between the two groups. All reported
side effects resolved spontaneously without the need for additional
surgical intervention. An overview of the reported adverse events is
presented in Table 5, with multiple responses allowed.

Discussion

This prospective, randomized, controlled clinical trial
demonstrates that a single APD treatment session significantly

induces histological remission of CIN3 lesions compared to
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FIGURE 2

performing VIA (left) and iodine staining (right).

Representative colposcopic images at initial colposcopic examination (upper row) performing VIA (left) and iodine staining (right); at APD
intervention (middle row) before (left) and after (right) APD treatment; at preoperative assessment 8 weeks after APD treatment (bottom row)

spontaneous remission. Complete histological remission was
achieved in 33.3% of APD-treated patients versus 5.0% in the
control group (p = 0.025, OR = 9.43). Partial remission occurred
in 27.8% of APD patients compared to 15.0% of controls, while
persistent CIN3 was observed in 38.9% of APD-treated patients
versus 80.0% in controls. Additionally, APD treatment facilitated
RO resection in 94.4% of subsequent LLETZ procedures compared
to 65.0% in controls. No severe adverse events were reported,
and patient satisfaction assessed via the Freiburg Index of Patient
Satisfaction remained comparable between groups (19). HSIL,
corresponding to CIN2 and CIN3 according to the Bethesda
Classification, represent precursors to invasive cervical cancer
with higher malignant potential (2). Current standard treatment
for CIN3 involves excisional procedures such as LLETZ, which
achieve high cure rates but carry risks of fertility complications and
adverse pregnancy outcomes (7-9). Our findings represent the first
randomized controlled evidence for non-invasive plasma therapy
in CIN3 treatment. Previous studies have demonstrated APD
efficacy in CIN1/2 lesions, with our group reporting successful
tissue preservation in lower-grade dysplasia (10, 18). The 33.3%
complete remission rate observed in our study compares favorably
to the 5-15% spontaneous regression rates typically reported for
untreated CIN3 in historical cohorts (3). Unlike conventional

Frontiers in Medicine

ablative methods such as cryotherapy or laser ablation (4), APD
operates as a monopolar surgical method utilizing argon plasma
coagulation technology (11, 12) through reactive oxygen and
nitrogen species (RONS) generation, inducing targeted cellular
responses without thermal tissue destruction (10, 13-17).

These results suggest APD could address the significant
overtreatment issue in CIN3 management, where currently all
patients undergo invasive LLETZ procedures, although only
12% would progress to invasive cervical cancer over several
years if left untreated, meaning approximately 8-9 out of
10 patients receive unnecessary invasive treatment (3). For
women of childbearing age, APD offers a tissue-preserving
alternative that avoids fertility-related complications associated
with excisional treatments, including preterm delivery, premature
rupture of membranes, and low birth weight (7-9). The outpatient
applicability without anesthesia requirements reduces healthcare
costs and patient burden compared to conventional treatments
requiring local or general anesthesia (5, 6). The improved RO
resection rates following APD pretreatment suggest potential
combination approaches, allowing for smaller, less invasive LLETZ
procedures when surgical intervention remains necessary. Patient
satisfaction, as measured by standardized instruments, remained
high, supporting the acceptability of this novel approach (19).
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TABLE 3 Resection margins after LLETZ + APD-treatment, statistical
significance was determined via Fisher's exact test (o; two-sided) due to
small cell counts.

After LLETZ

Resection margins

APD Control
(n =18) (n =20)
R-Status (n,%) RO 17 (94.4%) 13 (65.0%) p-value
0.082 o
R1 1(5.6%) 3 (15.0%) ‘
Rx 0 (0.0%) 4(20.0%) ‘

TABLE 4 Evaluation of patient’s satisfaction via Freiburg index (FIPS),
displayed with mean =+ Standard deviation (o) statistical significance was
tested using t-test (s), using Mann-Whitney-U-Test (*) and Wilcoxon.

Cohort APD- LLETZ
treatment
APD-treatment 1.5 (£0.6) 1.7 (£0.8) p=0279 u/
mean £ SD p=0.191*
Control-group - 23(x11)o
p=0.030u
Ip=0.033*

T-test (w), Wilcoxon-Test for paired comparison, Mann-Whitney-U-Test for subgroup
comparison (*).

TABLE 5 Adverse events after APD-treatment and LLETZ.

Adverse events APD- LLETZ LLETZ
treatment (APD (control

group) group)

Smear bleeding Yes 5(31.3%) 7 (41.2%) 8 (47.1%)

No 11 (68.8%) 10 (58.8%) 9 (52.9%)

Increased discharge |Yes 2 (12.5%) 3(17.6%) 0(0.0%)
No 14 (87.5%) 14 (82.4%) 17 (100.0%)

Local discomfort Yes 2 (12.5%) 3(17.6%) 1(5.9%)
No 14 (87.5%) 14 (82.4%) 16 (94.1%)

Any adverse event 7 (43.8%) 10 (58.8%) 9 (52.9%)

However, larger multicenter trials are required before clinical
implementation, and long-term follow-up data are essential to
confirm sustained remission and rule out delayed progression.
Future research should focus on optimizing treatment
parameters, including energy dosing, treatment duration, and
potential for repeat applications, building upon established dose-
response relationships (20-24). Multicenter randomized controlled
trials with larger patient cohorts are warranted to validate these
proof-of-concept findings. Mechanistic studies investigating
the molecular pathways underlying APD-induced remission,
including effects on cell growth, cell cycle regulation, metabolism,
DNA integrity, and apoptosis, could inform treatment optimization
(15, 20-24). Extension to other HPV-related dysplasias, including
vulvar (VIN) and vaginal (VAIN) intraepithelial neoplasia,
represents logical research progression given the transmucosal
efficacy of plasma treatment. Long-term follow-up studies are
crucial to assess durability of remission and monitor for delayed
adverse effects. Additionally, cost-effectiveness analyses comparing
APD to standard treatments would inform healthcare policy
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decisions in line with WHO recommendations for comprehensive
cervical cancer control (25, 26).

Study strengths include the randomized controlled design with
histopathological confirmation of outcomes, providing objective
assessment of therapeutic efficacy. The use of standardized
treatment protocols based on established argon plasma coagulation
principles (10-12, 18) and systematic follow-up enhances result
reliability. Patient-reported outcome measures using validated
instruments (19) provide comprehensive assessment of treatment
acceptability. However, several limitations must be acknowledged.
The single-center design and small sample size (n = 40)
limits statistical power, generalizability and preclude multivariate
analysis. The short follow-up period (6-8 weeks) cannot assess
long-term remission durability or delayed recurrence. Further
long-term outcomes such as recurrence rates, fertility effects, and
obstetric outcomes remain unknown. Interindividual variation in
cervical surface anatomy and CIN III lesion characteristics, along
with operator-dependent factors, affect the reproducibility of APD
treatment. The experimental nature may have introduced selection
bias, and blinding was not feasible due to the treatment’s visible
nature. These factors highlight the need for larger, multicenter
phase III trials with extended follow-up to confirm efficacy,
safety, and long-term benefits before APD can be adopted as a
standard treatment for CIN3/HSIL. As an ablative method, APD
does not provide histological specimens for definitive assessment,
necessitating subsequent LLETZ for endpoint evaluation.

Conclusion

APD treatment demonstrates significant efficacy in inducing
histological remission of CIN3 lesions while preserving cervical
tissue. This innovative approach offers a promising minimally
invasive alternative for women of childbearing age, potentially
reducing the current overtreatment burden in cervical dysplasia
management. The findings support progression to larger
multicenter trials to validate clinical implementation potential.
Given the global impact of cervical cancer (I, 25, 26) and the
need for tissue-preserving treatments, APD represents a valuable
addition to the therapeutic armamentarium for cervical dysplasia
management according to current classification systems (2).

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary material, further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by Ethical
Committee of the Medical Faculty of the Eberhard-Karls-
University Tiibingen. The studies were conducted in accordance
with the local legislation and institutional requirements. The
participants provided their written informed consent to participate

frontiersin.org


https://doi.org/10.3389/fmed.2025.1669933
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Henes et al.

in this study. Written informed consent was obtained from the
individual(s) for the publication of any potentially identifiable
images or data included in this article.

Author contributions

MH: Data curation, Writing - review & editing. SM: Formal
analysis, Validation, Writing - original draft. RR: Data curation,
Formal analysis, Supervision, Writing - review & editing. Y-SF:
Formal analysis, Writing - review & editing. AF: Data curation,
Writing - review & editing. GW: Writing — review & editing.
ME: Funding acquisition, Writing - review & editing. PA:
Funding acquisition, Writing - review & editing. SB: Writing -
review & editing. MW: Conceptualization, Data curation, Formal
analysis, Funding acquisition, Investigation, Methodology, Project
administration, Resources, Software, Supervision, Validation,
Visualization, Writing — original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for
the research and/or publication of this article. This research
was funded by the Faculty of Medicine of the Eberhard Karls
University Tibingen (Grant Nos. 2432-1-0 and 417-0-0 to MW)
and the German Research Foundation (Graduate School 2543/2
“Intraoperative Multi-Sensory Tissue-Differentiation in Oncology”
GRK 2543/1 to SB, SM, AE, and MW; 04/2020; as well as project
no. 501640545 to MW). The APD-Device was provided by Erbe
Elektromedizin GmbH, Tibingen (on loan). We acknowledge
support from the Open Access Publishing Fund of the University
of Tiibingen.

References

1. World Health Organization. Cervical Cancer. (2024). Available online at: https:
//www.who.int/news-room/fact-sheets/detail/cervical-cancer (accessed December 16,
2024).

2. Nayar R, Wilbur D. The Bethesda System for Reporting Cervical Cytology:
Definitions, Criteria, and Explanatory Notes. Cham: Springer International Publishing
(2015). doi: 10.1007/978-3-319-11074-5

3. Ostér A. Natural history of cervical intraepithelial neoplasia: a critical review. Int
J Gynecol Pathol. (1993) 12:186. doi: 10.1097/00004347-199304000-00018

4. Pinder L, Parham G, Basu P, Muwonge R, Lucas E, Nyambe N, et al. Thermal
ablation versus cryotherapy or loop excision to treat women positive for cervical
precancer on visual inspection with acetic acid test: pilot phase of a randomised
controlled trial. Lancet Oncol. (2020) 21:175-84. doi: 10.1016/s1470-2045(19)30635-7

5. Kornovska Y, Tomov ST, Yordanov AD. LLETZ procedure in an outpatient
setting: applicability and cost-effectiveness. ] Biomed Clin Res. (2022) 15:58-64. doi:
10.2478/jber-2022-0007

6. Dunn T, Killoran K, Wolf D. Complications of outpatient LLETZ procedures. J
Reprod Med. (2004) 49:76-8.

7. Sadler L. Treatment for cervical intraepithelial neoplasia and risk of preterm
delivery. JAMA. (2004) 291:2100. doi: 10.1001/jama.291.17.2100

8. McCredie M, Sharples K, Paul C, Baranyai ], Medley G, Jones R, et al. Natural
history of cervical neoplasia and risk of invasive cancer in women with cervical

Frontiers in Medicine

10.3389/fmed.2025.1669933

Conflict of interest

ME was employed by Erbe Elektromedizin GmbH.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in
this article has been generated by Frontiers with the support of
artificial intelligence and reasonable efforts have been made to
ensure accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmed.2025.
1669933/tull#supplementary-material

intraepithelial neoplasia 3: a retrospective cohort study. Lancet Oncol. (2008) 9:425-34.
doi: 10.1016/s1470-2045(08)70103-7

9. Kyrgiou M, Koliopoulos G, Martin-Hirsch P, Arbyn M, Prendiville W,
Paraskevaidis E. Obstetric outcomes after conservative treatment for intraepithelial
or early invasive cervical lesions: systematic review and meta-analysis. Lancet. (2006)
367:489-98. doi: 10.1016/50140-6736(06)68181-6

10. Marzi J, Stope M, Henes M, Koch A, Wenzel T, Holl M, et al. Noninvasive
physical plasma as innovative and tissue-preserving therapy for women positive
for Cervical intraepithelial Neoplasia. Cancers. (2022) 14:1933. doi: 10.3390/
cancers14081933

11. Manner H. Argon plasma coagulation therapy. Curr Opin Gastroenterol. (2008)
24:612-6. doi: 10.1097/MOG.0b013e32830bf825

12. Zenker M. Argon plasma coagulation. GMS Krankenhhyg Interdiszip. (2008)
3:Docl5.

13. Mitra S, Nguyen L, Akter M, Park G, Choi E, Kaushik N. Impact of ROS
generated by chemical, physical, and plasma techniques on cancer attenuation.
Cancers. (2019) 11:1030. doi: 10.3390/cancers11071030

14. Koensgen D, Besic I, Giimbel D, Kaul A, Weiss M, Diesing K, et al. Cold
atmospheric plasma (CAP) and CAP-stimulated cell culture media suppress ovarian
cancer cell growth — A putative treatment option in ovarian cancer therapy. Anticancer
Res. (2017) 37:6739-44. doi: 10.21873/anticanres.12133

frontiersin.org


https://doi.org/10.3389/fmed.2025.1669933
https://www.frontiersin.org/articles/10.3389/fmed.2025.1669933/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2025.1669933/full#supplementary-material
https://www.who.int/news-room/fact-sheets/detail/cervical-cancer
https://www.who.int/news-room/fact-sheets/detail/cervical-cancer
https://doi.org/10.1007/978-3-319-11074-5
https://doi.org/10.1097/00004347-199304000-00018
https://doi.org/10.1016/s1470-2045(19)30635-7
https://doi.org/10.2478/jbcr-2022-0007
https://doi.org/10.2478/jbcr-2022-0007
https://doi.org/10.1001/jama.291.17.2100
https://doi.org/10.1016/s1470-2045(08)70103-7
https://doi.org/10.1016/s0140-6736(06)68181-6
https://doi.org/10.3390/cancers14081933
https://doi.org/10.3390/cancers14081933
https://doi.org/10.1097/MOG.0b013e32830bf825
https://doi.org/10.3390/cancers11071030
https://doi.org/10.21873/anticanres.12133
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Henes et al.

15. Weiss M, Giimbel D, Hanschmann E, Mandelkow R, Gelbrich N, Zimmermann
U, et al. Cold atmospheric plasma treatment induces anti-proliferative effects in
prostate cancer cells by redox and apoptotic signaling pathways. PLoS One (2015)
10:¢0130350. doi: 10.1371/journal.pone.0130350

16. Weiss M, Utz R, Ackermann M, Taran F Krimer B, Hahn M, et al.
Characterization of a non-thermally operated electrosurgical argon plasma source
by electron spin resonance spectroscopy. Plasma Process Polym. (2019) 16:1800150.
doi: 10.1002/ppap.201800150

17. Martinet A, Miebach L, Heisterberg L, Neugebauer A, Enderle M, Bekeschus
S. Reactive species production and colon cancer cytotoxicity of an electrosurgical
cold argon plasma device. Plasma Processes Polym. (2025) 22:240. doi: 10.1002/ppap.
202400240

18. Weiss M, Arnholdt M, Hiflnauer A, Fischer I, Schénfisch B, Andress J,
et al. Tissue-preserving treatment with non-invasive physical plasma of cervical
intraepithelial neoplasia—a prospective controlled clinical trial. Front Med. (2023)
10:1242732. doi: 10.3389/fmed.2023.1242732

19. Schoenthaler M, Farin E, Karcz W, Ardelt P, Wetterauer U, Miernik A. Der
Freiburger Index fiir Patientenzufriedenheit. Dtsch Med Wochenschr. (2012) 137:419-
24. doi: 10.1055/s-0031-1298976

20. Weiss M, Barz J, Ackermann M, Utz R, Ghoul A, Weltmann K, et al. Dose-
dependent tissue-level characterization of a medical atmospheric pressure argon
plasma jet. ACS Appl Mater Interfaces. (2019) 11:19841-53. doi: 10.1021/acsami.
9b04803

Frontiers in Medicine

09

10.3389/fmed.2025.1669933

21. Wenzel T, Carvajal Berrio DA, Reisenauer C, Layland S, Koch A, Wallwiener D,
etal. Trans-mucosal efficacy of non-thermal plasma treatment on cervical cancer tissue
and human cervix uteri by a next generation electrosurgical Argon plasma device.
Cancers. (2020) 12:267. doi: 10.3390/cancers12020267

22. Wenzel T, Carvajal Berrio D, Daum R, Reisenauer C, Weltmann K, Wallwiener
D, et al. Molecular effects and tissue penetration depth of physical plasma in human
mucosa analyzed by contact- and marker-independent raman microspectroscopy.
ACS Appl Mater Interfaces. (2019) 11:42885-95. doi: 10.1021/acsami.9bl
3221

23. Feil L, Koch A, Utz R, Ackermann M, Barz J, Stope M, et al. Cancer-selective
treatment of cancerous and non-cancerous human cervical cell models by a non-
thermally operated electrosurgical Argon plasma device. Cancers. (2020) 12:1037. doi:
10.3390/cancers12041037

24. Hara H, Adachi T. Molecular mechanisms of non-thermal atmospheric pressure
plasma-induced cellular responses. Jpn J Appl Phys. (2021) 60:020501. doi: 10.35848/
1347-4065/abd496

25. Singh D, Vignat J, Lorenzoni V, Eslahi M, Ginsburg O, Lauby-Secretan B, et al.
Global estimates of incidence and mortality of cervical cancer in 2020: a baseline
analysis of the WHO Global Cervical Cancer Elimination Initiative. The Lancet Global
Health. (2023) 11:e197-206. doi: 10.1016/s2214-109x(22)00501-0

26. Gultekin M, Ramirez P, Broutet N, Hutubessy R. World Health Organization call
for action to eliminate cervical cancer globally. Int ] Gynecol Cancer. (2020) 30:426-7.
doi: 10.1136/ijgc-2020-001285

frontiersin.org


https://doi.org/10.3389/fmed.2025.1669933
https://doi.org/10.1371/journal.pone.0130350
https://doi.org/10.1002/ppap.201800150
https://doi.org/10.1002/ppap.202400240
https://doi.org/10.1002/ppap.202400240
https://doi.org/10.3389/fmed.2023.1242732
https://doi.org/10.1055/s-0031-1298976
https://doi.org/10.1021/acsami.9b04803
https://doi.org/10.1021/acsami.9b04803
https://doi.org/10.3390/cancers12020267
https://doi.org/10.1021/acsami.9b13221
https://doi.org/10.1021/acsami.9b13221
https://doi.org/10.3390/cancers12041037
https://doi.org/10.3390/cancers12041037
https://doi.org/10.35848/1347-4065/abd496
https://doi.org/10.35848/1347-4065/abd496
https://doi.org/10.1016/s2214-109x(22)00501-0
https://doi.org/10.1136/ijgc-2020-001285
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

	Tissue preserving non-invasive physical plasma treatment for cervical squamous intraepithelial neoplasia grade 3—a prospective randomized, controlled clinical trial
	Introduction
	Methods
	Study design
	Inclusion and exclusion criteria
	Patient treatment
	Study design
	Histology, cytology, and HPV assessment
	Questionnaire and Freiburg index of patient satisfaction
	Statistical analysis

	Results
	Patient characteristics
	Primary outcome: histological assessment of APD efficacy
	Secondary outcome: resection margins (R1 or R0)
	Secondary outcome: evaluation of patient-reported outcomes

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


