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Micronucleus Formation in Oral Mucosal Cells Following Dental X-ray Exposure:
A Systematic Review and Meta-analysis

Abstract

Background

Radiographic imaging is essential in dental diagnostics, yet concerns persist regarding
its genotoxic impact. While digital advancements have reduced radiation doses, the
effects of X-ray exposure on oral mucosal cells remain debated. This study
systematically reviews and quantitatively analyzes the effects of X-ray exposure on
micronucleus (MN) formation in oral epithelial cells, examining potential age-related
variations.

Methods

A thorough literature review was performed across PubMed, Web of Science, EBSCO,
and Scopus (updated to November 2024), adhering to PRISMA criteria. Eligible studies
examined cytogenetic changes in oral epithelial cells after X-ray exposure in healthy
individuals. Data extraction covered study design, imaging modality, radiation dose,
micronucleus frequency, and statistical methods. Risk of bias was assessed using a
modified EPHPP tool. A random-effects model synthesized micronucleus frequency
changes, and Fisher’s Z-transformation analyzed age correlations.

Results

Eighteen studies met the inclusion criteria, with 16 centered on panoramic imaging and
two examining a combination of CBCT and lateral cephalometric X-rays. Meta-
analysis confirmed a significant increase in micronucleus frequency post-exposure
(SMD = 0.30, 95% CI: 0.07-0.52, p = 0.01), indicating genotoxic effects. However,
age showed a weak correlation with micronucleus formation (r = 0.149, 95% CI: -0.009
to 0.3, p = 0.065).

Conclusions

X-ray exposure induces measurable genotoxic damage in oral epithelial cells, though
age-related effects remain inconclusive. Adhering to the ALARA principle is crucial to
minimize unnecessary radiation. Future studies should employ larger cohorts and
refined biomarkers to enhance risk assessment.

Keywords: X-ray, oral mucosa, micronucleus assay, genotoxicity, cytotoxicity,
radiation exposure, age

Introduction

With the growing need for dental diagnostics and treatment, radiographic imaging has
become an integral part of clinical practice. Whether for routine evaluations or
advanced aesthetic procedures, it is essential for precise diagnosis and effective
treatment planning. Among the available imaging modalities, panoramic radiography
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(orthopantomography, OPG) is widely utilized due to its comprehensive anatomical
coverage and relatively lower radiation exposure compared to full-mouth periapical
radiography. Radiation exposure from panoramic radiography typically falls between
10 and 30 Sv, whereas full-mouth periapical imaging can deliver up to 33 Sv,
positioning panoramic scans as a comparatively lower-radiation option.! CBCT, a high-
resolution volumetric imaging modality, delivers radiation doses ranging from 25 to
1025 Sv, contingent upon scanner parameters and imaging protocols. Concerns
regarding cumulative exposure in dental radiography have emerged, particularly as
repeated panoramic scans accumulate radiation doses akin to multiple individual
exposures.> While digital imaging advancements have led to dose reductions,
apprehensions remain about genotoxic and cytotoxic risks, especially in head and neck
radiography, where CT scans administer approximately 46 mGy. Research indicates
that even low-dose radiation can trigger cytogenetic changes in oral epithelial cells,
leading to chromosomal instability, DNA damage, and apoptosis.® Genomic instability,
stemming from both single- and double-strand DNA breaks, has been linked to tumor
formation and developmental abnormalities.* Given the nuclear genome's heightened
vulnerability to radiation-induced damage, continuous monitoring of radiological
safety remains essential.®

To assess the biological impact of radiation, conventional techniques include
metaphase aberration detection, sister chromatid exchange analysis, and chromosomal
instability evaluations in peripheral lymphocytes (Ribeiro et al. 2011). However, these
techniques are often labor-intensive, require specialized expertise, and involve
prolonged processing times. The micronucleus (MN) assay is widely recognized as a
reliable, minimally invasive method for detecting radiation-induced cellular damage.®
Micronuclei (MNs) are extranuclear bodies formed from chromosome fragments or
whole chromosomes that fail to reintegrate during mitosis, serving as indicators of
genotoxic stress.” The European Network for Biological Dosimetry (RENEB) has
endorsed this assay for large-scale radiation exposure assessments.® Since oral mucosal
cells come into direct contact with ionizing radiation during dental imaging, they serve
as an optimal biological model for evaluating the formation of micronuclei. Compared
to venipuncture-dependent cytogenetic tests, micronucleus analysis in exfoliated oral
cells provides a cost-effective, swift, and non-invasive alternative.® This approach is
frequently employed in occupational and environmental radiation monitoring and
presents a practical means of assessing genotoxic risks among dental patients.

Age significantly influences radiation-induced genotoxic and cytotoxic effects.!!
Rapidly dividing tissues, especially in children, exhibit heightened sensitivity due to
their diminished DNA repair capacity.’? Early identification of radiation-induced
genetic alterations in pediatric populations is critical to minimizing long-term health
consequences.’® Despite extensive research on micronucleus formation following
radiation exposure, findings on the correlation between age and X-ray-induced
genotoxicity remain inconsistent.’* While certain studies®® establish a clear relationship
between micronucleus frequency and age, others!® report no significant link. These
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discrepancies likely stem from differences in sample demographics, radiation protocols,
staining methods, and analytical techniques.’

Material and methods
Search strategy, eligibility criteria, and study selection

Following PRISMA guidelines, this study conducted a systematic review of
cytogenetic changes in exfoliated oral mucosal cells due to radiation exposure.'® This
study, structured using the PICOS framework, investigated whether age affects the
cytotoxic and genotoxic impact of X-ray exposure on oral epithelial cells. A
comprehensive literature search was performed across PubMed, Web of Science,
EBSCO, and Scopus to identify studies published up to November 26, 2024, examining
the correlation between radiation exposure and cytogenetic alterations in oral epithelial
cells within the general population. The search strategy incorporated Boolean operators:
(X-rays OR "radiation exposure™) AND ("oral mucosa™ OR "buccal mucosal cells" OR
"epithelial cells™) AND ("toxicity" OR "cytotoxicity" OR "genotoxicity" OR "DNA
damage"). Database-specific filters were applied, restricting searches in Scopus to the
dentistry field, considering only original research in Web of Science, applying no
limitations in PubMed, and including only full-text, English-language articles in
EBSCO.

Endnote software was used for reference management and study selection. The
screening process followed a two-stage approach: an initial title and abstract review
was conducted by author Yaxin Wang, followed by full-text evaluation, where two
independent reviewers (authors Yaxin Wang and Sanhui Yang) assessed each study for
eligibility. Any selection disagreements were settled through discussion, with Linxian
Zeng acting as an arbitrator when needed. To ensure thorough coverage, the reference
lists of chosen articles were manually reviewed for further relevant studies.

Only peer-reviewed English-language studies that analyzed X-ray-induced cytotoxicity
and genotoxicity in exfoliated oral epithelial cells from healthy individuals were
considered. Studies were excluded if they involved patients with oral mucosal diseases
(such as stomatitis, oral ulcers, candidiasis, mucosal inflammation, or burning mouth
syndrome), individuals with systemic conditions (such as nasopharyngeal carcinoma,
oral cancer, head and neck malignancies, pneumonia, or AIDS), in vitro or animal
studies, research assessing alternative genetic endpoints, studies examining the effects
of non-ionizing genotoxic agents, investigations of non-oral epithelial cells (such as
nasal or urinary tract epithelia), or articles classified as reviews, editorials, letters to the
editor, or conference abstracts. The final review incorporated only research that adhered
to strict methodologies and clearly established inclusion criteria.

Data extraction
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A structured data extraction protocol was implemented to ensure accuracy and
consistency. Extracted variables included study authors, publication year, research
objectives, methodology, geographic location, sample size, gender distribution,
participant age, DNA staining procedures, oral cell sampling sites, imaging techniques,
radiation dose, exposure duration, control group characteristics, observed cytogenetic
alterations, micronucleus frequency correlations pre- and post-radiation, statistical
analyses, and key study conclusions.!! Two independent reviewers conducted data
extraction, with discrepancies resolved through discussion.

Risk of bias in individual studies

Methodological rigor and bias were evaluated using a modified Effective Public Health
Practice Project (EPHPP) tool.!” Studies were appraised based on critical parameters
for micronucleus assays in exfoliated oral cells, including the use of validated nucleic
acid staining techniques, the assessment of a minimum of 2000 exfoliated cells per
participant, cytotoxicity evaluation, blinded analysis, and appropriate statistical
reporting. The final quality classification was based on methodological rigor: studies
were rated "strong™ if all confounders were controlled, "moderate” if one confounding
factor was unaccounted for, and "weak" if two or more methodological limitations were
present. Quality assessment disagreements were resolved through reviewer discussions,
with unresolved cases arbitrated by a third evaluator.!

Meta-analysis

To analyze variations in micronucleus frequency pre- and post-radiation exposure in
the general population, RevMan version 5.4.1 (The Cochrane Collaboration, Oxford,
UK) was employed using a random-effects model.'® Pearson correlation coefficients
were calculated using data from studies such as those by Popova, L,!° Basha, S, Li,
G*8 to examine the relationship between age and micronucleus frequency. Statistical
analyses were executed in SPSS, employing Pearson’s correlation coefficient as the
effect size metric for this investigation. To ensure consistency in correlation
coefficients across studies, Fisher’s Z-transformation was applied (Equation 1). Sample
size and inverse variance of correlation coefficients determined the weighting of
computed values, following Equation (2). The aggregated estimate was then converted
back into correlation coefficients (Equation 3) to refine the evaluation of age-related
changes in micronucleus frequency before and after X-ray exposure. Cohen’s
classification (1992)% defines r values of 0.1, 0.3, and above 0.5 as indicators of weak,
moderate, and strong correlations, respectively.
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Fisher's Z = 0.5 In 1] = (1)

Sgz = 4/1/(n —3) (2)

2z

3 : =1 3
Summary r = —— (3)

To assess heterogeneity across studies, Cochran’s Q test and the I? statistic were applied,
with 12 values below 50% suggesting low heterogeneity, thereby justifying the
application of a fixed-effect model. When heterogeneity exceeded the set threshold, a
random-effects model was selected to account for population variability.?? Funnel plot
analysis, along with Begg’s test 23 and Egger’s regression analysis?*, was conducted to
detect potential publication bias. A symmetrical funnel plot was anticipated if no
publication bias was present, with Begg’s and Egger’s tests yielding non-significant p-
values (p > 0.05). To assess the robustness of results, sensitivity analysis was carried
out by systematically excluding individual studies and evaluating their impact on
overall findings.?> Comprehensive Meta-Analysis (CMA) version 3.7 was utilized for
all meta-analytical procedures to maintain statistical accuracy and methodological rigor.

Certainty of Evidence

GRADEpro GDT software (http://gdt.guidelinedevelopment.org) was employed to
assess evidence certainty, ensuring a systematic evaluation of the reliability of the
findings. The evaluation process incorporated multiple factors, including study design,
potential methodological biases, inconsistency of results, indirectness of evidence, and
imprecision in effect estimates. Each study underwent systematic appraisal to confirm
the robustness of reported outcomes, accounting for methodological disparities.
Evidence quality was classified as high, moderate, low, or very low based on
cumulative assessment.!* By implementing this classification approach, the findings
were objectively interpreted, strengthening their reliability and relevance for both
research and clinical applications.

Results
Literature Search

After duplicate removal, 678 unique records underwent title and abstract screening,
with 637 excluded, including three unavailable through open-access sources. After a
thorough full-text review of the 41 remaining publications, 15 studies were deemed
directly relevant to the research question. Additionally, screening reference lists
identified three more studies, bringing the total to 18 for qualitative synthesis and meta-
analysis.

General Characteristics of Included Studies
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Of the 18 included studies, 16 focused on the impact of panoramic X-ray exposure on
oral mucosal cells. Two additional studies investigated the combined effects of
panoramic X-ray with lateral/posteroanterior X-ray, comparing these modalities with
cone-beam computed tomography (CBCT), as well as the toxicity effects of panoramic
X-ray combined with lateral X-ray projection. Three studies examined CBCT-related
effects on oral epithelial cells, with one ?° comparing genetic and cytotoxic alterations
induced by CBCT and multi-detector computed tomography (MDCT).

India had the highest number of relevant studies, followed by Iran,?-%? Brazil %2%%
Bulgaria,'® China,'® Egypt,? and Turkey.3! Gender distribution was not reported in one
study 2. Participant ages ranged from eight years 8 to 73 years 1°. Two studies **%° did
not provide age information. Studies ranged from 2007 ° to 2024 2”. A summary of key
findings and study characteristics is presented in Table 1.

Description of Study Variables (Confounders)

Core study variables comprised staining techniques, cell count per sample, overall
sample size, cytotoxicity assessment, statistical rigor, blind implementation, exclusion
criteria robustness, and radiation parameters. Each of these factors was carefully
examined to determine their potential influence on study outcomes.

Regarding staining methods, Papanicolaou staining emerged as the most frequently
used technique, reported in seven studies. One study 2 did not report the staining
method, while five used Feulgen staining and four employed Giemsa staining, both of
which, like Papanicolaou staining, lack DNA specificity. Acridine Orange and
AgNORs staining were used in one study.®? Exfoliated cell counts ranged from 1,000
per sample in five studies to 2,000 in five others.'®1%33-3 Four studies 2283637 did not
specify cell counts. The sample size ranged widely, with the largest cohort consisting
of 100 participants, while the smallest study included only 30 individuals.

Cytotoxicity assessment was performed in 11 studies, whereas 7 studies did not include
any cytotoxic biomarker evaluations. Pai A et al. 2012 3 was the sole study lacking a
clear statistical methodology description. While eight studies implemented blinded
analysis, the remaining ten did not report such procedures. Exclusion criteria were
detailed in all studies except Silva MB et al. 2018,% ensuring methodological rigor by
restricting participants with recent imaging, systemic conditions, mucosal disorders, or
medication use. A more detailed breakdown of these study characteristics is available
in Table 2.

Regarding radiation parameters, exposure conditions varied significantly. The recorded
X-ray voltage ranged from a minimum of 60 kV to a maximum of 110 kV. Exposure
times ranged from 0.5 to 18 seconds, with the longest exposure duration for pediatric
patients recorded at 18 seconds. Tube currents ranged from 7.1 mA to 35 mA; however,
seven studies did not specify exposure duration or radiation dose details. A
comprehensive summary of radiation parameters is available in Table 3.
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Study Design and Main Findings

Among 18 included studies, ten reported significant changes in cytotoxic markers,
while the rest observed no major nuclear alterations. Notably, all studies employed a
self-controlled design, allowing for more reliable biomarker comparisons. Table 4
presents a summarized overview of these findings.

The potential cytotoxic and genotoxic effects of panoramic radiography were
investigated in sixteen studies. Micronucleus frequency was assessed ten days post-
exposure by Torabinia N et al. 2024 ?’, revealing no significant increase, whereas
Sreeshyla H et al. 2023 3 reported a substantial elevation (Table 5). In addition, three
studies explored the impact of cone-beam computed tomography (CBCT). Li G et al.
2018 18 examined CBCT-related cytotoxic and genotoxic effects in buccal epithelial
cells, comparing them with those induced by panoramic X-rays and
lateral/posteroanterior imaging. Kaur, | et al. 2020 % and Malik S et al.2022 3 analyzed
cytological alterations over various time points. Both studies observed a notable rise in
micronucleus frequency ten days following panoramic radiography, though results
differed for longer time frames. One study observed a substantial increase in
micronucleus frequency at 40 days post-exposure, whereas another recorded a decrease
between 10 and 21 days post-exposure. Kaur, | et al.2020 3° reported no significant
changes in micronucleus frequency among individuals aged 40-50 years at 10 and 21
days post-exposure compared to baseline levels.

Cytotoxic biomarker assessments across all studies identified at least one form of
cellular damage, supporting the idea that X-ray exposure affects nuclear stability.
However, when evaluating the correlation between age and radiation-induced
cytotoxicity and genotoxicity, the results were inconclusive. In the 18 studies included,
qualitative results on the impact of age on genotoxicity and cytotoxicity induced by X-
ray exposure are presented in Table 7. All studies address the relationship between age
and micronucleus frequency, yet findings are inconsistent. Only four studies 19283237
report a statistically significant correlation between X-ray exposure and micronucleus
frequency. Conversely, 13 studies do not find such a correlation, and one study *°
reports age-dependent effects, with a significant relationship observed in the 15-25 age
group, but not in the 40-50 age group. Regarding cytotoxicity, eight studies
18,20,26,29,30.33.36,38 ey plored the correlation between age and cytotoxicity effects, but none
found a significant relationship. Consequently, it is imperative to conduct a meta-

analysis to further investigate the relationship between age and micronucleus frequency.

Detailed descriptions of the study groups, participant ages, changes in micronucleus
frequency, and the statistical significance of age-micronucleus frequency relationships
are outlined in Table 8. Studies varied in their correlation measurements, including
correlations between age and pre-exposure micronucleus frequency, age and post-
exposure micronucleus frequency, and age and the difference in micronucleus
frequency before and after X-ray exposure, as detailed in Table 9. Standard errors for
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each study are calculated. Among the six studies 820273740 that designed age and
micronucleus frequency correlation coefficients, all provided coefficients for age in
relation to pre- and post-X-ray exposure micronucleus frequencies, derived either
directly from the studies or calculated using SPSS based on participant age and
micronucleus frequency data. Only three studies 82° calculated coefficients for
changes in micronucleus frequency before and after X-ray exposure related to age.
Meta-analyses were conducted separately for different types of correlation coefficients,
as depicted in Figures 4, 7, and 10. Distinct funnel plots and sensitivity analyses were
employed to assess publication bias and the robustness of the results across these
different categories of meta-analyses.

Assessment of the Risk of Bias

The Effective Public Health Practice Project (EPHPP) framework was utilized to
evaluate study quality, with the results detailed in Table 6. Following a comprehensive
evaluation, seven studies were categorized as moderate to strong, whereas the rest were
deemed weak due to methodological constraints.

Data synthesis

The meta-analysis incorporated data from four studies 29333638 focused on panoramic
X-ray exposure or CBCT, while two studies 33 were excluded due to missing standard
deviation (SD) values.The research of Jahanshahiafshar Z et al. was omitted as it lacked
distinct comparisons for different radiographic modalities.

The meta-analysis demonstrated a statistically significant shift in micronucleus
frequency before and after radiation exposure, yielding a standardized mean difference
(SMD) of 0.30 (95% CI: 0.07-0.52, p = 0.24). Heterogeneity analysis indicated low
variability, with Tau? = 0.02, chi?z = 4.21, df = 3 (P = 0.24), and 12 = 29% (Figure 2).
The forest plot indicated a rightward shift of the summary effect estimate (diamond)
beyond the zero line, confirming a significant elevation in micronucleus frequency
following exposure (Z = 2.54, P = 0.01). The data consolidate evidence connecting X-
ray exposure to cytogenetic modifications in oral mucosal cells, stressing the need for
in-depth exploration of its chronic effects.

Certainty of Evidence

The certainty of evidence regarding genetic toxicity before and after radiographic
exposure was rated as very low (Figure 3), given the inherent limitations of
observational studies, including bias risk, imprecision, heterogeneity, and publication
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bias.!* These findings suggest that multiple variables could impact the outcomes,
necessitating more rigorous research in the future to validate the potential genotoxicity
of X-ray radiation on oral epithelial cells.

Effect Size and Heterogeneity

Six studies involving 286 participants were analyzed (Table9). Heterogeneity
assessments were conducted across three groups to examine the relationship between
age and micronucleus frequency. Before X-ray exposure, the first group examined the
Pearson correlation to determine the relationship between micronucleus frequency and
age. The second group, however, assessed the correlation coefficient linking
micronucleus frequency and age following radiation exposure. Meanwhile, the third
group concentrated on evaluating how age influenced variations in micronucleus
frequency across pre- and post-exposure conditions. Table 9 provides a comprehensive
breakdown of the Pearson correlation coefficients across the three groups, including
individual study sample sizes and their corresponding standard errors.

Substantial heterogeneity was detected in Group 1 (12 =60.79%, Q = 12.75, P = 0.026)
and Group 2 (12=66.18%, Q = 14.78, P = 0.011), justifying the application of a random-
effects model.

Meta-analysis employing both random-effects and fixed-effects models exhibited a
moderate to low correlation across all three groups. The correlation coefficients were
as follows: Group 1 (r=0.285, 95% CI: -0.065, 0.572; see Figure 4), Group 2 (r =0.193,
95% CI: -0.021, 0.390; see Figure 7), and Group 3 (r = 0.149, 95% CI: -0.009, 0.3; see
Figure 10). These results suggest that while a weak correlation exists between
micronucleus frequency and age, its clinical significance remains marginal,
necessitating further investigation to address potential confounders and methodological
inconsistencies.

Publication Bias and Sensitivity Analysis

Funnel plots, Begg’s test, and Egger’s linear regression were utilized within the meta-
analysis to evaluate publication bias. Funnel plots for all three groups demonstrated
overall symmetry, with most data points positioned within the expected range. However,
minor asymmetries were observed, suggesting a low probability of publication bias.
Statistical testing confirmed this, as Begg’s test (p > 0.05) and Egger’s regression (p >
0.05) indicated no significant bias.

To evaluate the reliability of the results, a sensitivity analysis was performed. In Group
1, excluding individual studies had little effect on the overall effect size and confidence
intervals. Most confidence intervals encompassed zero, confirming the findings'
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stability under the random-effects model. Waingade M et al. 2012 “° significantly
influenced results, necessitating further scrutiny of its data reliability. Nevertheless, its
exclusion had no substantial impact on the conclusions, as the random-effects model
effect size remained 0.285, with a 95% CI encompassing zero (P = 0.108), indicating
statistical insignificance.

In Group 2, findings remained stable, with no notable alterations in effect size or
direction after individual study exclusion,®® was also a key contributing factor,
requiring further examination. The random-effects model yielded an effect size of 0.193
(95% CI: -0.021, 0.390; P = 0.077), suggesting a weak correlation between post-
exposure micronucleus frequency and age, without reaching statistical significance.

Similarly, the Group 3 meta-analysis demonstrated stable findings, with minimal
variations in effect size after excluding individual studies. The fixed-effects model
effect size was 0.149 (95% CI: -0.009, 0.300; P = 0.065), with results approaching
significance. Given the limited number of studies, the observed uncertainty is likely
attributable to sample size constraints rather than inherent methodological deficiencies.
Collectively, these findings suggest that despite the weak correlation between
micronucleus frequency and age, analytical robustness is maintained across models,
reinforcing the need for large-scale investigations to validate these associations.

Discussion

Micronucleus (MN) formation and cytotoxic alterations function as essential
biomarkers in assessing the genotoxic and cytotoxic impact of ionizing radiation,
especially X-rays. Micronuclei formation is a hallmark of DNA or chromosomal
damage, arising from acentric chromosome fragments or lagging chromosomes lacking
centromeres. These formations arise during metaphase-to-anaphase transition due to
mitotic dysfunction or DNA damage.!341-*3 Radiation-induced cytotoxicity manifests
as nuclear changes such as chromatin condensation, nuclear fragmentation, and
dissolution, indicative of cell death or necrosis.*®

The standard for micronucleus analysis, as established by Tolbert et al. and Sarto et
al,*4 highlights that nuclear abnormalities increase significantly in individuals
exposed to carcinogens, reflecting cellular responses to genetic damage. Angelieri F et
al. 2017 % and TOLBERT et al. 1992 *° propose that cytotoxic effects serve as indicators
of cytogenetic damage while also augmenting sensitivity in biomonitoring assessments.
This is especially pertinent, as cytotoxicity may confound mutagenicity evaluations—
heightened cytotoxicity can induce apoptosis in micronucleated cells before detection,
potentially underestimating genotoxic effects.

This meta-analysis primarily utilized buccal epithelial cells due to their increased
susceptibility to chromosomal damage and lower DNA repair efficiency relative to
lymphocytes.> However, research has also explored other oral locations, including the
keratinized gingiva, the lateral border of the tongue, and the upper dental arch,30-35:3839
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Given that epithelial cells account for over 90% of human malignancies and are directly
exposed to dental radiography, they serve as relevant targets for micronucleus
assessment.’

Most clinical studies evaluated subjects before and after radiation exposure, typically
over a 10-day period, corresponding to the rapid regeneration of epithelial tissue.*3046
Micronucleus formation initiates in the basal layer during epithelial cell mitosis, with
exfoliated cells shedding over a 7-16-day period.** Some studies extended follow-up
to 21-40 days to assess long-term genotoxic effects.*’ The results of this meta-analysis
demonstrate a notable increase in micronucleus frequency in oral epithelial cells after
exposure to panoramic X-rays, confirming its detectable genotoxic effects, aligning
with the findings of Cerqueira et al. *° Variability in radiation doses, participant
demographics, biopsy methods, fixation techniques, staining protocols, and
micronucleus scoring criteria may account for inconsistencies across studies.

While extensive evidence links X-ray exposure to genotoxicity, some studies reported
no significant genetic alterations post-exposure.1®273335-38 A plausible interpretation is
the simultaneous effect of cytotoxicity, which induces cellular apoptosis, thereby
diminishing the pool of micronucleated cells available for examination. This suggests
that although X-rays exhibit cytotoxic properties, their mutagenic potential may not be
consistent, reinforcing the necessity for further investigations with expanded sample
sizes. All moderate-to-high-quality studies confirmed post-radiation cytotoxic effects
in oral mucosal cells, underscoring the importance of cytotoxicity evaluation in
assessing long-term impacts on cellular viability and DNA repair.*®4° As malignancies
frequently arise from accumulated genetic mutations, persistent cytotoxic damage may
contribute to tumor progression via non-genotoxic mechanisms.>°

A distinct meta-analysis investigating the relationship between micronucleus frequency
and age, incorporating six studies, identified a weak correlation across all datasets.
While the robustness of the findings remained intact, the correlation between
micronucleus frequency variation and age was notably weak, likely attributable to
limited sample sizes and the inclusion of lower-quality studies. Ribeiro DA et al. 2008
3 and Pai A et al. 2014 *8 reported no statistically significant age-related effects,
whereas other studies 1?3237 indicated a potential association between aging and
elevated micronucleus formation, likely attributable to diminished DNA repair
efficiency and progressive chromosomal instability.>! Notably, children may exhibit
greater susceptibility to X-ray-induced genotoxicity due to their rapidly proliferating
tissues, longer life expectancy (allowing radiation-induced mutations to accumulate
over time), and higher absorbed organ doses, particularly in the salivary glands and
thyroid.>?->® Without tailored exposure protocols, children may receive radiation doses
exceeding those of adults, increasing their lifetime cancer risk.%¢-%¢ However, due to
statistical homogeneity limitations, no definitive correlation between age and
micronucleus frequency could be established.
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Sensitivity analyses (Figures 6, 9, 12) identified Waingade M et al.*° and Basha S et
al.?® as key influencing studies.®® employed a more detailed age stratification,
potentially capturing finer micronucleus frequency variations that broader age
groupings obscured. Meanwhile, focused on CBCT-related genotoxicity, which
involves radiation doses significantly higher than panoramic X-rays.?’ The effective
dose of CBCT can range from 25 to 1025 uSv, equivalent to approximately 12
panoramic X-rays.>® This variability likely influenced correlation coefficient
discrepancies, emphasizing the importance of accounting for scanner type, imaging
protocols, and radiation dose in genotoxic outcome interpretations. Notably, only three
studies examined the association between age and changes in micronucleus frequency,
limiting the statistical strength of this analysis and emphasizing the need for broader
epidemiological research.

Among the methodological confounding factors, the choice of staining technique
significantly influenced micronucleus detection. Papanicolaou staining, commonly
used in most studies, offers clear nuclear visualization but lacks DNA specificity,
leading to potential false positives from cytoplasmic artifacts like keratin granules,
bacteria, and leukocytes.*® Although Feulgen staining offers DNA specificity and
reduces false positives,®®®! its labor-intensive protocol and sensitivity to technical
variations can lead to underestimation of micronucleus frequency.*® The inconsistent
use of staining methods across studies complicates direct comparisons, and future
research should consider automated systems for staining and micronucleus counting to
improve accuracy and reproducibility.?

Additionally, the number of cells analyzed per participant significantly impacts MN
frequency results. While most studies assessed 1,000 cells per individual, others
analyzed 2,000 cells.?®3 The International Expert Group on Micronucleus Assays
recommends a minimum of 2,000 cells per sample to ensure statistical reliability.
Given that sample size directly affects genotoxicity assessments, standardization in cell
quantification is crucial for future research.

The collective evidence from the included studies strengthens the hypothesis that
panoramic X-ray exposure induces notable genotoxic effects in oral mucosal cells.
However, the variability observed across studies may be influenced by differences in
radiation dose, levels of cytotoxicity, and methodological approaches. The absence of
a consistent link between age and micronucleus (MN) frequency further reflects the
multifaceted nature of genomic instability triggered by radiation. It is essential to
acknowledge that heterogeneity in staining protocols, radiation types, sampled cell
populations, and the number of cells assessed likely contributed to variations seen in
the meta-analysis. For instance, while some studies employed panoramic radiography,
others utilized cone-beam computed tomography (CBCT), with substantial differences
in radiation dosage and exposure times. Regarding sample collection, Pai et al.® was
distinctive in sampling cells from the upper dental arch, whereas others focused on
exfoliated buccal mucosal cells. Inconsistencies were also noted in the number of cells
analyzed per subject and the staining techniques applied. These methodological
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variations highlight the pressing need for standardized study designs, consistent
staining methods, and harmonized cell quantification practices to improve
reproducibility across future investigations. Moreover, advancing our understanding of
X-ray-induced genotoxicity and cytotoxicity—especially within  vulnerable
populations such as children—will require comprehensive, rigorously conducted
studies.

Despite inherent limitations, such as sample size restrictions and follow-up duration,
the findings provide crucial insights into the biological consequences of X-ray exposure,
particularly the lack of a definitive age-related trend in genotoxic response. This study
highlights the critical need for standardized methodologies, optimized study
frameworks, and expansive prospective research integrating exposure parameters,
lifestyle determinants, and pre-existing health conditions. Further investigations should
explore additional chromosomal abnormalities to refine the assessment of radiation-
induced genetic damage. Expanding the analytical approach to include diverse imaging
techniques and advanced genotoxic assays—such as DNA adduct detection, strand
break analysis, and point mutation assessment—could enhance the understanding of
dental radiography’s biological effects.*1%303% Future studies with expanded cohorts
and extended follow-up periods will be essential for clarifying long-term risks and
optimizing diagnostic frameworks.

The meta-analysis conducted in this review demonstrates that even exposure to low-
dose dental X-rays results in quantifiable genotoxic alterations in oral epithelial cells,
as reflected by elevated micronucleus frequencies.**® Despite the weak association with
age, the results highlight the critical importance of implementing stringent radiation
protection protocols across all age groups, with heightened attention to pediatric and
adolescent populations.!

In contemporary dental practice, micronucleus (MN) formation is increasingly
recognized as a sensitive cytogenetic biomarker for detecting radiation-induced
genotoxicity, with emerging potential for clinical application. Evidence suggests that
MN assessment may be particularly informative in evaluating radiation-related risks
among pediatric orthodontic patients. Lorenzoni et al. identified a marked rise in MN
frequency in oral mucosal cells of children subjected to comprehensive orthodontic
imaging—including panoramic and lateral cephalometric radiographs—indicating a
greater radiosensitivity in developing tissues.® These findings underscore the
importance of minimizing repeated radiographic exposures in children and warrant
careful justification of each imaging procedure to limit the cumulative biological
burden of low-dose radiation.

MN frequency has also been proposed as an early indicator of radiation-induced genetic
instability in adult patients undergoing multiple cone-beam computed tomography
(CBCT) scans, such as those preparing for dental implant placement or prosthodontic
interventions. Li et al. demonstrated that buccal epithelial cells exhibited significantly
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higher DNA damage following CBCT compared to panoramic imaging, suggesting that
increased dose intensity and examination frequency may result in persistent genotoxic
effects on the oral epithelium.'® Consequently, for high-risk populations—including
individuals with prior radiotherapy, immunosuppression, or oral neoplasia —
preoperative MN evaluation may assist in risk stratification and customization of
imaging protocols to ensure safe and targeted diagnostic workflows.

Beyond individual-level risk assessment, MN analysis offers promise for system-level
radiation quality assurance (QA) and monitoring of radiographic procedural standards.
As noted by Angelieri et al., increased MN frequencies following routine dental
radiography may reflect suboptimal radiological practices, particularly in settings with
limited technical oversight.* Informed by our findings, we propose the inclusion of MN
cytogenetic monitoring for patients subjected to repeated imaging, especially pediatric
and orthodontic populations. The assay’ s non-invasive sampling, cost-effectiveness,
and methodological reproducibility make it suitable for broader integration into clinical
workflows, including enhanced patient education, informed consent processes, and
long-term radiation risk monitoring.

From a radiological operations standpoint, strict compliance with the ALARA (As Low
As Reasonably Achievable) principle remains critical in safeguarding against
unnecessary radiation exposure.>® Radiographic examinations should be performed
only after rigorous clinical justification, and—when feasible—non-ionizing or low-
dose alternatives, such as digital optical scanning or ultrasound, should be considered.®?
Effective radiation mitigation strategies include field size limitation, employment of
high-sensitivity digital detectors, anatomy-adapted exposure adjustments, and
preferential use of rectangular collimation, which significantly reduces scatter dose
compared to circular systems.5 Moreover, developing longitudinal exposure records—
particularly for patients undergoing serial imaging, such as those in orthodontic or
implant therapy—could enhance institutional radiation stewardship efforts.

In summary, the incorporation of MN assay into routine dental radiographic protocols
may serve not only to quantify subclinical genotoxic effects but also to support the
implementation of individualized radioprotection strategies. Such integration has the
potential to reduce genomic instability risks associated with diagnostic imaging,
without compromising diagnostic efficacy, thereby promoting higher standards of
patient safety and radiological care.*?

Conclusion

This review validates those different types of X-ray exposure exerts notable genotoxic
and cytotoxic effects on oral mucosal cells, radiation ranges from Panoramic
radiography to MDCT. However, a weak association was detected between age and
micronucleus frequency. Considering the established risks of ionizing radiation,
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adhering strictly to the "As Low As Reasonably Achievable (ALARA)" principle
remains essential in clinical settings. Comprehensive clinical assessment is essential
before diagnostic imaging to limit unnecessary radiation exposure.?’
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Table

Records identified database

searching (n= 797)

through

140 Articles screened
(n=678)

l

Full-text papers assessed for eligibility
(n=41)

l - >

Articles retained for analysis

(n=18)

Studies included in the meta-analysis
(n=4, 6)

Figure 1 Study selection flow char

119 Duplicates removed

637 full text articles were excluded for not fulfilling
the inclusion criteria and granted open

Nnarmiccinn

26 articles that did not answer the research
results was excluded.

3 Relevant articles identified in selected-article
reference lists
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Table 1 The main important characteristics of the papers included in this study

Authors Country | Age of patients/years old N/Gender Radiograph exposure
Popova et al. (2007) Bulgaria | 24-73 32/12 males and 20 females Panoramic radiography
Cerqueira et al. (2008) Brazil 26+9.18 40/9 males and 31 females Panoramic radiography
Ribeiro et al. (2008) Brazil 7.7£1.5/39.6+5.4 17 adults/11 males and 6 | Panoramic radiography
females, 17 children/8 males o
and 9 females %
o
Pai et al. (2012) India 20-30,23 mean age 50/14 males and 36 females Panoramic radiography
Waingade et al. (2012) India 27.63+10.93 mean age 60/19 males and 41 females Panoramic radiography
Arora et al. (2014) India 25.21+12.67mean age 53/21 males and 32 females Panoramic radiograghy
Haghgoo et al. (2014) Iran Not informed 15 adults and 15 children Panoramic and 1at§ral
cephalometric x-ray=
Basha et al. (2018) Egypt 27-43,34.27+3.83mean age 30 males CBCT 3
Li, G. et al. (2018) China 8-42,23.63+6.64mean age 98/28 males and 70 females Panoramic + latecgal/
posteroanterior o
radiographs, CBCT 5
Silva et al. (2018) Brazil 20-50 50/21 males and 32 females Panoramic radiography
Karabas et al. (2019) Turkey | 20-46, 23 mean age 30/21males and 9 females Panoramic radiograghy
Kaur et al. (2020) India (G1)15-25,21.06 mean  age | 100/44males and 56 females Panoramic radiography
(G2)40-50,45.14 mean age S
Santhosh et al. (2020) India 24-65, 28.96 mean age 30/15 males and 15 females Panoramic radiography
Anbumeena et al. (2021) India 6-65 60/ Not informed Panoramic radiograghy
Malik et al. (2022) India 15-25, 40-50 100/Not informed Panoramic radiogra@y
Jahanshahiafshar et al (2023) | Iran 34.37+7.72. 34.97+6.83 60/26 males and 34 females CBCT. MDCT g
Sreeshyla et al (2023) India 11-40 60/22 males and 38 females Panoramic radiography
Torabinia et al (2024) Iran 27.36+£8.19 mean age 36/ 24 males and 12 females

Panoramic radiograpghy
w
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Author Exclusion | Collection time Site of smear Stain Total number | Analysis of | Number of | Blind Proper statistics
criteria of cells cytotoxicity | individuals | analysis | description
Popova et al. (2007) Yes Day 0-10+2 days | Right/left buccal mucosa | Giemsa 2000 cells No 32 No Yes
Cerqueira et al. (2008) Yes Day 0-10 days Upper dental arch Feulgen-Rossenbeck | 1000 cells Yes 40 Yes Yes
Ribeiro et al. (2008) Yes Day 0-10 days Right/left buccal mucosa | Feulgen 2000 cells Yes 34 No Yes
Pai et al. (2012) Yes Day 0-10 days Upper dental arch Feulgen 1000 cells Yes 60 Yes No
Waingade et al. (2012) Yes Day 0-10 days Right/left buccal mucosa | Giemsa 1000 cells No 60 Yes Yes
Arora et al. (2014) Yes Day 0-10 days Right/left buccal mucosa | Giemsa 1000 cells No 53 No Yes
and Gingival mucosa
Haghgoo et al. (2014) Yes Day 0-10 days Right/left buccal mucosa | Papanicolaou 600 cells Yes 30 No Yes
Basha et al. (2018) Yes Day 0-10 days Right/left buccal mucosa | Papanicolaou 1000 cells Yes 30 Yes Yes
Li, G. et al. (2018) Yes Day 0-10 days Right/left buccal mucosa | Feulgen 2000cells Yes 98 No Yes
1000 cells
Silva et al. (2018) No 0-1 hour left buccal mucosa Not informed Not informed | No 50 No Yes
Karabas et al. (2019) Yes Day 0-14 days Right/left buccal mucosa | Papanicolaou 1000 cells Yes 30 No Yes
Kaur et al. (2020) Yes Day 0-10 days | Right/left buccal and | Papanicolaou 1000 cells No 100 Yes Yes
and 21 days Gingival mucosa
Santhosh et al. (2020) Yes Day 0-12 days Right/left buccal mucosa | Feulgen Not informed | No 30 No No
Anbumeena et al. (2021) | Yes Within 7-10 days | Right/left buccal mucosa | Papanicolaou/PAS Not informed | Yes 60 Yes Yes
Malik et al. (2022) Yes Day 0-10 days | Right/left buccal mucosa | Acridine 100 cells No 100 No Yes
and 40 days orange/AgNORs

Jahanshahiafshar et al | Yes Day 0-12 days Right/left buccal mucosa | Papanicolaou 2000 cells Yes 60 Yes Yes
(2023)

Sreeshyla et al (2023) Yes Day 0-10 days Right/left buccal mucosa | Giemsa 2000 cells No 60 No Yes
Torabinia et al (2024) Yes Day 0-10 days Right buccal mucosa Papanicolaou Not informed | No 36 Yes Yes

Table 2 Description of study
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Table 3 Radiation parameters of various types of radiology

Author Radiograph exposure Current radiation level Time of
irradiation

Popova et al. (2007) Panoramic radiography Not informed Not informed

Cerqueira et al. (2008) Panoramic radiography 65-90kV, 15mA 14s

Ribeiro et al. (2008) Panoramic radiography 60-80kV. 10 mA 14 s

Pai et al. (2012) Panoramic radiography 64-70 Kvp 12 mA 18s

Waingade et al. (2012) Panoramic radiography 60-80 kV, 10 mA 12

Arora et al. (2014)

Panoramic radiography

Not informed

Not informed

Haghgoo et al. (2014)

Panoramic and
cephalometric x-ray

lateral

Not informed

Not informed

Basha et al. (2018) CBCT 84 kVp,9-14 mA 6s

Li, G. et al. (2018) Panoramic + lateral/ | Not informed 17.6 s/ 0.5-1 s/
posteroanterior radiographs, CBCT 0.8-12s/24s

Silva et al. (2018) Panoramic radiography 60-80kV. 10 mA 14 s

Karabas et al. (2019) Panoramic radiography 66-74 kV, 5-8 mA 13.1-139 s

Kaur et al. (2020) Panoramic radiography Not informed Not informed

Santhosh et al. (2020) Panoramic radiography 70-74kV. 10 mA 18s

Anbumeena et al. (2021) Panoramic radiography 65-79kV. 8 mA 12s

Malik et al. (2022)

Panoramic radiography

Not informed

Not informed

Jahanshahiafshar et al (2023)

CBCT. MDCT

CBCT: male:90 kVp. 8 mA;
female: 85 kVp . 8 mA
MDCT: 110 kVp. 35 mA.

Not informed

Sreeshyla et al. (2023)

Panoramic radiography

Not informed

Not informed

Torabinia et al. (2024)

Panoramic radiography

66 kVp. 7.1 mA

15.8 s
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Table 4 The cytotoxicity and the genotoxicity of micronucleus in oral mucosa cells following X-ray exposure.

Authors

Radiograph exposure

Main findings

Evidence of Cytotoxicity

Evidence of genotoxicity

Popova et al. (2007)

Panoramic radiography

Not informed

No statistical differences

Cerqueira et al. (2008)

Panoramic radiography

tKaryorrhexis, condensed chromatin

TMicronucleus

Ribeiro et al. (2008)

Panoramic radiography

1Karyolysis, karyorrhectic, pyknosis

No statistical differences

Pai et al. (2012) Panoramic radiography Tpyknosis, karyorrhexis, karyolysis | No statistical differences
and condensed chromatin

Waingade et al. (2012) Panoramic radiography Not informed TMicronucleus

Arora et al. (2014) Panoramic radiography Not informed tMicronucleus

Haghgoo et al. (2014) Panoramic and lateral | tKaryolysis, karyorrhectic, pyknosis No statistical differences
cephalometric x-ray
Basha et al. (2018) CBCT 1Karyolysis, karyorrhectic, condensed | tMicronucleus
chromatin cells
Li, G. et al. (2018) Panoramic + lateral/ | TKaryolysis, pyknosis TMicronucleus
posteroanterior  radiographs,
CBCT

Silva et al. (2018)

Panoramic radiography

(<50) TPRDX1 mRNA(>50)|PRDX]1
mRNA

Not informed

Karabas et al. (2019)

Panoramic radiography

1Karyolysis, karyorrhectic

TMicronucleus

Kaur et al. (2020)

Panoramic radiography

Not informed

(G1:10 days) 1(21 days)|Micronucle
(G2)No statistical differences

Santhosh et al. (2020)

Panoramic radiography

Not informed

No statistical differences

Anbumeena et al. (2021)

Panoramic radiography

1Karyolysis, karyorrhectic, pyknosis,

No statistical differences

Malik et al. (2022) Panoramic radiography Not informed TMicronucleus
Jahanshahiafshar et al (2023) | CBCT. MDCT TKaryolysis, karyorrhectic, pyknosis TMicronucleus
Sreeshyla et al (2023) Panoramic radiography Not informed TMicronucleus
Torabinia et al (2024) Panoramic radiography Not informed No statistical differences
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Table 5 Micronucleus among pre-exposure and post-exposure.

Micronucleus or MN/1.000 cells

Author Pre-exposure Mean (SE) Postexposure Mean (SE)

Popova et al. (2007) 2.34 + 1.49% 2.81+1.64%

Cerqueira et al. (2008) Not informed Not informed

Ribeiro et al. (2008) 0.04+0.06/ 0.04+0.04 0.05+0.06/ 0.05+0.07 .

Pai et al. (2012) (<25)0.00044+0.000558/ (<25)0.00061+0.000728/ (>25)0.00064+0.000929 £
(>25)0.00050+0.000760 3

Waingade et al. (2012) 0.56£0.25 0.61+0.23 S

Arora et al. (2014) 0.10% + 0.0899 0.1264% + 0.0812 =

Haghgoo et al. (2014) Not informed Not informed 3

Basha et al. (2018) 0.026 + 0.0062 0.030 + 0.0068 E:

Li, G. et al. (2018) Not informed Not informed <

Silva et al. (2018) Not informed Not informed 8

Karabas et al. (2019) 30.2+£18.12 5753 +17.16 2

Kaur et al. (2020) 1.30 £ 0.839/1.32 £ 0.868 (10 days)1.68 + 0.957/1.56 + 0.951

(21 days)1.48 + 0.953/1.34 £ 0.772

Santhosh et al. (2020) 1.03+0.80 2.20+0.84

Anbumeena et al. (2021) (PAP) 9.73+£1.092 (PAS) 5.42 +7.278 (PAP) 9.85+1.095/ (PAS) 6.60 £7.072

Malik et al. (2022) 6.96 £ 3.03/11.0 £ 4.14 (10)8.96+3.09/11.72+4.55;(40)11.1+4.09/14.86

+5.72

Jahanshahiafshar et al (2023)

CBCT:34.17+9.17 MDCT: 32.90 £5.33

CBCT:42.7+11.46 MDCT:46.70 +6.10

Sreeshyla et al (2023)

2.97+1.02

3.97+£1.09

Torabinia et al (2024)

1.65+141

1.88+1.74
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Table 6 Quality assessment and final rating of the studies.

Author Number of | Details Final
confounder rating
]
Popova et al. (2007) 3 Not specific stain for nucleic acids; absence of blind analysis; no evaluation of | Weak
cytotoxicity -
Cerqueira et al. (2008) | 1 1000 cells evaluated per volunteer: Strong
Ribeiro et al. (2008) 1 absence of blind analysis; Strong
Pai et al. (2012) 2 1000 cells evaluated per volunteer: absence of proper statistics description Modepat
e =
Waingade etal. (2012) | 3 Not specific stain for nucleic acids; 1000 cells evaluated per volunteer; no evaluation of | Weak =
cytotoxicity 5
Arora et al. (2014) 4 Not specific stain for nucleic acids; 1000 cells evaluated per volunteer; absence of blind | Weak 5
analysis; no evaluation of cytotoxicity 8
Haghgoo et al. (2014) | 3 Not specific stain for nucleic acids;600 cells evaluated per volunteer; absence of blind | Weak 3
analysis P
Basha et al. (2018) 2 Not specific stain for nucleic acids;1000 cells evaluated per volunteer Modeﬁat
e 8
Li, G. et al. (2018) 1 Not specific stain for nucleic acids; Strong>
Silva et al. (2018) 4 absence of blind analysis; absence of blind analysis; no evaluation of cytotoxicity, | Weak 5
absence of cells evaluated per volunteer <
Karabas et al. (2019) |3 Not specific stain for nucleic acids;1000 cells evaluated per volunteer and absence of | Weak 3
blind analysis )
Kaur et al. (2020) 3 Not specific stain for nucleic acids; 1000 cells evaluated per volunteer; no evaluation of Weakf_g
cytotoxicity; g
Santhosh et al. (2020) | 4 absence of total number of cells; no evaluation of cytotoxicity; absence of blind analysis | Weak =
and improper statistics description 2
Anbumeena et al. |2 Not specific stain for nucleic acids; absence of total number of cells Modeg:ét
(2021) e 3
Malik et al. (2022) 4 Not specific stain for nucleic acids;100 cells evaluated per volunteer; absence of blind | Weak =
analysis; no evaluation of cytotoxicity 3
Jahanshahiafshar et al | 1 Not specific stain for nucleic acids; Strong
(2023) N
3
Sreeshyla et al (2023) | 3 Not specific stain for nucleic acids; no evaluation of cytotoxicity; absence of blind | Weak =
analysis <
Torabinia et al (2024) | 3 Not specific stain for nucleic acids; absence of total number of cells; no evaluation of | Weak 3

cytotoxicity
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Whether age affects cytotoxicity or mutagenicity

Authors

Cytotoxicity

Mutagenicity

Popova et al. (2007)

Not informed

Relative

Cerqueira et al. (2008)

Not relative

Not relative

Ribeiro et al. (2008)

Not relative

Not relative

Pai et al. (2012)

Not relative

Not relative

Waingade et al. (2012)

Not informed

Not relative

Arora et al. (2014)

Not informed

Not relative

Haghgoo et al. (2014)

Not relative

Not relative

Basha et al. (2018)

Not relative

Not relative

Li, G. ctal. (2018)

Not relative

Not relative

Silva et al. (2018)

Not informed

Relative

Karabas et al. (2019)

Not informed

Not relative

Kaur et al. (2020)

Not informed

(15-25) Not relative/ (40-50) Relative

Santhosh et al. (2020)

Not informed

Relative

Anbumeena et al. (2021)

Not relative

Not relative

Malik et al. (2022)

Not informed

Relative

Jahanshahiafshar et al (2023)

Not relative

Not relative

Sreeshyla et al (2023)

Not informed

Not relative

Torabinia et al (2024)

Not informed

Not relative

Table 7 Correlation between age and genotoxicity and cytotoxicity of x-ray
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Authors Research grouping Age range Mean age Difference of | Correlation between age and | statistical
micronucleus change micronucleus frequency significance
Popova et al. (2007) Not informed 24-73 years Not informed +0.47%, P > 0.05 Before:0.602, After:0.448 | P<0.01
Difference: -0.111
Cerqueiraet al. (2008) | <22.5y,>22.5y Not informed 26+9.18 P <0.05 Not informed P> 0.05
Ribeiro et al. (2008) Children VS adults Not informed 7.7+£1.5/39.6+5.4 | +0.01%, P > 0.05 Not informed P> 0.05
Pai et al. (2012) <25y, >25y 20-30 years 23 +0.00017%, P = 0.777/ | Not informed P>0.05
+0.00014%, P = 0.899
Waingade et al. | 11-20y,21-30y,31-40y, Not informed 27.63+10.93 +0.03%, P = 0.02 | MCF: Before: -0.13, After: - | P >0.05
(2012) >4ly +0.05%, P = 0.047 0.07
MN/1000Before:-
0.11,After:0.08
Avrora et al. (2014) <235y, >25y | Notinformed | 25.21+12.67 +0.0264%, P = 0.0038 | Not informed P=0.5020
cell types P=0.2249 P=0.0209/0.0203
Haghgoo et al. (2014) | Children VS adults Not informed Not informed P=0.548 Not informed P=0.841

Basha et al. (2018) <35years old,>35years old 27-43years 34.27+3.83 +0.004, P < 0.001 Before: -0.193, after: -0.104, | P=0.306/0.584/0.7
Difference:0.061, 49
Li, G. etal. (2018) <1 mGy,>1 mQGy | 8-42years 23.63+6.64 +0.22, P =0.008 Before:0.602, after:0.048, P=0.0118
<18y, =18y Difference:0.250
Silva et al. (2018) <20y. 20-50y. >50y 20-50 years Not informed PRDX1: P=0.0293/ 0.0447/ | Not informed P <0.05
0.0120
Karabas et al. (2019) | Not informed 20-46 years 23 +27.33, P<0.001 Not informed P<0.001
Kaur et al. (2020) 15-25y,40-50y (G1)15-25 (G1)21.06 P = 0.020/P > 0.05 | Notinformed Not informed
cell types years (G2)45.14 P =0.002/P = 0.001
(G2)40-50
years
Santhosh et al. (2020) | Not informed 24-65 years 28.96 +1.17,P >0.05 Before:0.569, After: 0.608 P = 0.001/P =
0.000
Anbumeena et al. | 6-11y,12-18y,19-39y, 6-65 years Not informed +1.18, P=0.192 Not informed P=0.432
(2021) 40-60y,>60y
Malik et al. (2022) 15-25y,40-50y 15-25/40- +4.14, +3.86 Not informed Not informed
50years
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Jahanshahiafshar et al | Not informed Not informed 34.37+7.72. +0.90, P < 0.05 Not informed Not informed

(2023) 34.97+6.83

Sreeshyla et al (2023) | 11-20y,21-30y,31-40y 11-40 years Not informed +0.70, +1.00, +1.30, P <0.05 | Not informed P> 0.05

Torabinia et al (2024) | whole Not informed 27.36%8.19 +0.24%, P = 0.468 Before: 0.012, After: 0.065 | P = 0.946/P =
0.707

Table 8 Parameters of age group, micronucleus change and correlation between age and micronucleus frequency
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Table 9 Correlation coefficient between age and micronucleus frequency and SE

Test for overall effect: 2= 2.54 (P =0.01)

micronucleus (-}

Figure 2 Meta-analysis data regarding micronucleus assay on oral cells of patients exposed to X-ray.

Ne of patients exposed | patients exposed Relative Absolute
Study desion fisk of bia m Ofer considerations foire et LA ey omecy

Certainty assessment

micronucleus {+)

T

Authors Number of | Correlation between age and micronucleus | SE
individuals frequency
Before After Difference

Popova et al. (2007) | 32 0.602 0.448 -0.111 0.146

Basha et al. (2018) 30 -0.193 -0.104 0.061 0.189 o

Li, G. et al. (2018) 98 0.602 0.048 0.25 0.099 2

Santhosh et al. . 0.155 8

(2020) 30 0.569 0.608 Not informed 0.150 §

Torabinia et al . 0.171 g

(2024) 36 0.012 0.065 Not informed 0065 3

Waingade et al. | 5, 011 0.08 Not informed | 013 2

(2012) >
8
5}
3

After Before Std. Mean Difference Std. Mean Difference E)l

Study or Subgroup Mean 5D Total Mean SD Total Weight IV, Random, 95% Cl_Year IV, Random, 95% CI %

Ribeira 2008 0.0s8 0.06 34 0.04 0.06 34 1831% 016 [-0.31, 0.64] 2008 e

FPai 2012 0.00061 0.000728 B0 0.00044 0.000658 B0 27 5% 026 010,062 2012 T

Basha 2018 0.03 0.0068 B0 0.026 0.0062 B0 26.8% 0.61[0.24, 0498 2018 - =

Anhumeena 2021 9.85 1.095 60 973 1.092 GO 27 6% 011 [-0.24, 047 2021 —

Total (95% CI) 214 214 100.0% 0.30 [0.07, 0.52] ""

Heterogeneity: Tau®= 0.02; Chi*= 4.21, df= 3 (P = 0.24); F= 29% 1 -u’_s 5 0?5

601 "01/10p/3[01e-S3GRAPE/JWP/WOD
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New Outcome
4 nan- ; a not serious not serious 5 2 strong association 214 214 SMDU 3
pone T erious serious @000
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higher}

Cl: confidence intarval;

SMD: standardised mean difference

Figure 3 GRADE analysis
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Figure 4 Forest plot of the correlation between micronucleus frequency before x-ray exposure and age
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Funnel Plot of Standard Error by Fisher's Z
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Figure 5 Funnel plot of the correlation between micronucleus frequency before x-ray exposure and age

Meta Analysis

Study name Statistics with study removed Correlation (95% CI)
with study removed

Lower Upper
Point  limit limit Z-Value p-Value

Popova et al.(2007) 0212 -0.187 0551 1.042  0.297 — Bt
Basha et al.(2018) 0.367 0009 0641 2009 0.045 —H—
Li, G. et al.(2018) 0.199 -0.160 0.512 1.088  0.276 ——
Santhosh etal (2020) 0222 -0.181 0561 1081 0280 ——
Torabinia et al(2024) ~ 0.335 -0.060 0.639 1670  0.095 —
Waingade et al.(2012) 0.363 0.014 0633 2035 0.042 —H—
0285 -0.065 0.572 1606 0.108 ~toutiler-

-1.00 -0.50 0.00 0.50 1.00

Favours A Favours B

Meta Analysis

Figure 6 Sensitivity analysis of the correlation between micronucleus frequency before x-ray exposure and age
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Meta Analysis

Study name Statistics for each study Correlation and 95% CI

Lower Upper
Correlation  limit limit Z-Value p-Value

Popova et al.(2007) 0.448 0118 0689 2.597 0.009
Basha et al.(2018) -0.104 -0448 0266 -0.542 0.588
Li, G. et al.(2018) 0.048 -0152 0244 0.468 0.640
Santhosh et al.(2020) 0.608 0317 0794 3.667 0.000
Torabinia et al(2024) 0.065 -0.269 0.385 0.374 0.708
Waingade et al.(2012) 0.0s0 -0.178 0327 0.605 0.545

0.193 -0.021 0380 1.771 0.077

-1.00 -0.50 0.00 0.50 1.00
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Figure 7 Forest plot of the correlation between micronucleus frequency after x-ray exposure and age
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Figure 8 Funnel plot of the correlation between micronucleus frequency after x-ray exposure and age
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Figure 9 Sensitivity analysis of the correlation between micronucleus frequency after x-ray exposure and age
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Figure 10 Forest plot of the correlation between difference of micronucleus frequency before and after X-ray
exposure and age
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Figure 11 Funnel plot of the correlation between difference of micronucleus frequency before and after X-ray
exposure and age
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Figure 12 Sensitivity analysis of the correlation between difference of micronucleus frequency before and after X-
ray exposure and age
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Figure 2 Meta-analysis data regarding micronucleus assay on oral cells of patients exposed to X-ray.

GZ0Z J8qWIBAON |Z Uo Jasn Alisiaalun Jaiseoue] Aq | £96/28/S201eM/IWpP/S60 L 01 /10p/a[0Ie-aduBApE/WP/Wo2 dno olwapese//:sdiy Woll papeojumoc]



Certainty assessment

ﬂm dESi,l sk of bias m Other considerations

Moo | e
Certainty

e |
to X-rays before to X-rays after (95% CI) (95% Cn
New Outcome
4 i serious® not serious not serious serious® strong association 214 214 s|:-i|€h2.3 ®000
studies {0.07 higher very low®
to 0.52
higher)
€k confidence interval; SMD: standardised mean difference
Figure 3 GRADE analysis
After Before Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean S0 Total Mean SD Total Weight [V, Random, 95% Cl Year IV, Random, 95% CI
Ribeira 2008 0.0s 0.06 34 0.o4 0.06 34 181% 016 [-0.31, 0.64] 2008 =
Pai 2012 000061 0.000728 B0 0.00044 0000558 B0 27 A% 026 010,062 2012 -
Basha 2018 0.03 0.0068 G0 0.026 0.0062 GO0 26.8% 0.61[0.24, 098] 2018 e
Anbumeena 2021 9.85 1.095 411 Q73 1.092 B0 27 B% 011 [-0.25,047] 2021 — T
Total (95% CI) 214 214 100.0% 0.30 [0.07, 0.52] -~
Heterogeneity: Tau®= 0.02; Chi*= 421, df= 3 (F=0.24);, = 29% f f f f
Test for overall effect: Z= 2.54 (P = 0.01) A 0.5 0 05 !
T - micronucleus {-3  micronucleus {+}

Figure 4 Forest plot of the correlation between

micronucleus frequency

before x-ray exposure and age

Funnel Plot of Standard Error by Fisher's Z

[
=]
=4
[=

w

il
=
[}

b=}
c
<

-

(1]

Fisher's Z

Figure 5 Funnel plot of the correlation between micronucleus frequency before x-ray exposure and age
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Figure 6 Sensitivity analysis of the correlation between micronucleus frequency before x-ray exposure and age
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Figure 7 Forest plot of the correlation between micronucleus frequency after x-ray exposure and age
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Figure 8 Funnel plot of the correlation between micronucleus frequency after x-ray exposure and age
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Figure 9 Sensitivity analysis of the correlation between micronucleus frequency after x-ray exposure and age
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Figure 10 Forest plot of the correlation between difference of micronucleus frequency before and after X-ray
exposure and age
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Figure 11 Funnel plot of the correlation between difference of micronucleus frequency before and after X-ray
exposure and age
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Figure 12 Sensitivity analysis of the correlation between difference of micronucleus frequency before and after X-
ray exposure and age
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Iltemised List of Revisions

Reviewers’ comments

First, The use of the term "age-related™ in the title seems
inappropriate, as the study was not methodologically
designed to assess age as a primary factor. If the authors
intended to evaluate the influence of age, the study design
and analysis should have been structured accordingly.

Micronucleus Formation in Oral Mucosal Cells Following Dental X-ray Exposure: A Systemati
Review and Meta-analysis

In addition, while the manuscript discusses the genotoxic
implications of increased micronucleus frequency, its
clinical relevance remains vague. The authors are
encouraged to provide specific clinical examples or
scenarios to illustrate how these findings could be applied
in dental practice.

;’QL’up Luoadnoomue?eoe//:sduq Wwoly pepeojumoq

In contemporary dental practice, micronucleus (MN) formation is increasingly recognized as
sensitive cytogenetic biomarker for detecting radiation-induced genotoxicity, with emerging potential
for clinical application. Evidence suggests that MN assessment may be particularly informative |n3
evaluating radiation-related risks among pediatric orthodontic patients. Lorenzoni et al. identified af
marked rise in MN frequency in oral mucosal cells of children subjected to comprehensive orthodontice|
imaging — including panoramic and lateral cephalometric radiographs — indicating a greaters|
radiosensitivity in developing tissues. These findings underscore the importance of minimizing repeated*
radiographic exposures in children and warrant careful justification of each imaging procedure to Ilmltg
the cumulative biological burden of low-dose radiation.

MN frequency has also been proposed as an early indicator of radiation-induced genetic instability in|
adult patients undergoing multiple cone-beam computed tomography (CBCT) scans, such as thoseg
preparing for dental implant placement or prosthodontic interventions. Li et al. demonstrated that bucca@
epithelial cells exhibited significantly higher DNA damage following CBCT compared to panoramicg
imaging, suggesting that increased dose intensity and examination frequency may result in persistentE
genotoxic effects on the oral epithelium. Consequently, for high-risk populations—including individuals3
with prior radiotherapy, immunosuppression, or oral neoplasia—preoperative MN evaluation may assistd]
in risk stratification and customization of imaging protocols to ensure safe and targeted diagnosticg
workflows.
Beyond individual-level risk assessment, MN analysis offers promise for system-level radiation qualitycg
assurance (QA) and monitoring of radiographic procedural standards. As noted by Angelieri et al.,o
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increased MN frequencies following routine dental radiography may reflect suboptimal radiological]
practices, particularly in settings with limited technical oversight. Informed by our findings, we propose%
the inclusion of MN cytogenetic monitoring for patients subjected to repeated imaging, especially%
pediatric and orthodontic populations. The assay’ s non-invasive sampling, cost-effectiveness, andZ
methodological reproducibility make it suitable for broader integration into clinical Workflows§
including enhanced patient education, informed consent processes, and long-term radiation riskg
monitoring.
From a radiological operations standpoint, strict compliance with the ALARA (As Low As Reasonably2)]
Achievable) principle remains critical in safeguarding against unnecessary radiation exposure.
Radiographic examinations should be performed only after rigorous clinical justification, and—wheng)
feasible—non-ionizing or low-dose alternatives, such as digital optical scanning or ultrasound, should bec‘:g
considered. Effective radiation mitigation strategies include field size limitation, employment of2
high-sensitivity digital detectors, anatomy-adapted exposure adjustments, and preferential use ofg
rectangular collimation, which significantly reduces scatter dose compared to circular systemsé
Moreover, developing longitudinal exposure records— particularly for patients undergoing serial%
imaging, such as those in orthodontic or implant therapy—could enhance institutional radiation§
stewardship efforts.
In summary, the incorporation of MN assay into routine dental radiographic protocols may serve not3
only to quantify subclinical genotoxic effects but also to support the implementation of individualized®
radioprotection strategies. Such integration has the potential to reduce genomic instability risks%
associated with diagnostic imaging, without compromising diagnostic efficacy, thereby promoting%
higher standards of patient safety and radiological care.
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Lastly, the reference list contains formatting errors that
should be corrected to comply with journal guidelines.

I have corrected all the formatting errors in the reference list based on journal guidelines.
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