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Background: Leprosy is a chronic and disabling infectious disease caused by Mycobacterium leprae. It has a wide clinical spectrum and is operationally classified into paucibacillary (PB) and multibacillary (MB) cases. There is evidence that the 16S rRNA gene can be used in Polymerase Chain Reaction (PCR) for complementary detection with high sensitivity and specificity. However, there is no literature convention on its diagnostic correspondence regarding the particular operational classification of the disease. This study aimed to correlate, through a meta-analysis, the detection rate of leprosy between the PCR method with the 16S rRNA gene in the clinical forms PB and MB in relation to confirmed cases.

Methods: This is a systematic review and meta-analysis study conducted according to the PRISMA 2020 guidelines, using the search descriptors with “AND”: “Leprosy”; “Polymerase Chain Reaction”; “16S rRNA” in the PUBMED, SciELO, LILACS, and Science Direct databases. The search was limited to original observational articles in Portuguese, English, or Spanish, with no defined time frame. The methodological quality assessment of the selected articles was performed using the JBI checklists. A scientometric approach to the article using used the VOS Viewer and Scimago Graphica software. The meta-analysis was conducted using Comprehensive Meta-Analyses software, under Pearson’s Correlation effect test and fixed effect model and subgroup analysis concerning the type of sample analyzed.

Results: The study was significant from the perspective of the paucibacillary group (Clinical biopsy: -0.45 [95% CI= -0.63 – −0.22], p < 0.001/ Slit smear skin: −0.52 [95% CI= -0.65 – −0.36], p < 0.001 / Overall: −0.50 [95% CI= −0.61 – −0.37], p < 0.001). The PCR diagnostic method for the16S rRNAgene ofM. lepraehas low viability and diagnostic sensitivity in both clinical biopsy samples and leprosy skin smears.

Conclusion: This implies little validation of it as a PCR target gene for diagnosing the disease, highlighting limitations in the actual technique.

Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier CRD42024588790.
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Introduction

Leprosy, caused by Mycobacterium leprae and M. lepromatosis, is a chronic disease that affects the skin and peripheral nerves, resulting in physical disabilities and severe deformities. This significantly impacts the mental health and quality of life of those affected (Ebenezer and Scollard, 2021; Santos et al., 2020). With cases documented for millennia, it is considered one of the oldest diseases (Mottaghi et al., 2020). Those affected by this infection were segregated and stigmatized by historical society due to several factors: lack of effective treatments, disfigurement caused by the disease, high infectivity, belief in divine punishment, and fear of transmission (Sil and Das, 2022).

Several aspects of leprosy have already been elucidated by science. However, there are gaps in leprosy diagnosis that include issues of sensitivity and specificity, difficulties in differentiating between active and latent infections, and the need for a better understanding of the diagnostic yield in different clinical forms of leprosy, specifically between paucibacillary (PB) and multibacillary (MB) cases. Research indicates that PB cases often show lower PCR positivity than MB cases due to their inherently lower bacterial loads (Martinez et al., 2014). In the context of leprosy, this load varies significantly between different clinical forms of the disease. MB cases typically have a higher bacterial load compared to paucibacillary PB cases. This difference directly impacts the sensitivity of PCR assays; higher bacterial loads increase the likelihood that sufficient target DNA will be present for amplification (Martinez et al., 2006; Truman et al., 2008).

There is a pressing need for studies that explore the specific conditions under which PCR can be optimized for detecting M. leprae DNA in PB cases. Understanding how different types of samples and PCR techniques affect diagnostic yield could improve early detection strategies for these patients, and research into new target markers and diagnostic techniques could reduce under-detection caused by a possible low level of bacterial load in some specimens (Reis et al., 2014).

Although there is treatment for the disease through multiple drug therapy (which has significantly reduced its prevalence), it occurs endemically in 105 countries located in Southeast Asia, the Americas, Africa, the Eastern Pacific, and the Western Mediterranean, which exhibit high case rates (Alrehaili, 2023). Transmission occurs, regardless of sex or age, due to direct contact between the patient and predisposed individuals, probably through inhalation of droplets from the upper respiratory tract (Guevara et al., 2022). Socioeconomic disparities contribute to ongoing transmission. For example, many affected individuals in endemic areas of Brazil come from impoverished backgrounds where access to healthcare is limited, leading to delays in diagnosis and treatment. This situation perpetuates stigma and discrimination against those affected by leprosy, further complicating public health efforts (Santos et al., 2024).

On a global scale, the highest occurrence rates for the disease are recorded in adults; however, a significant proportion is also observed in people under the age of 15 (Castillo et al., 2021). The World Health Organization (WHO) recorded around 174,087 new cases of leprosy worldwide in 2022, of which 21,387 occurred in the Americas (Organização Mundial da Saúde, 2024). With Brazil registering 19,635 new cases, the country ranks first in the American continent and second in the world in terms of the incidence rate of new cases of leprosy in the year 2022 (Ministério da Saúde, 2024; Mártires et al., 2024).

Brazil reports over 30,000 new leprosy cases annually, making it one of the countries with the highest burden of the disease globally. Despite a general decline in new case detection rates (NCDR), certain regions, with more evident socio-economic inequalities, especially Pará State, Northern Brazil, continue to experience high incidence rates, with NCDR reaching 25.7 per 100,000 population in 2017 (Dergan et al., 2023). Southeast Asia has the highest burden of leprosy among WHO regions, accounting for about 67% of global new cases. Countries like India, Bangladesh, and Nepal are particularly affected, with significant populations at risk due to poor living conditions and limited healthcare access (Wang et al., 2023).

The clinical spectrum of leprosy depends on the individual’s immune response to M. leprae. The Ridley-Jopling division, which highlights the variety of host responses, categorizes patients (Lockwood et al., 2022). This typology stratifies cases into two polar forms: tuberculoid leprosy (TT) and lepromatous leprosy (LL). In addition to these polar forms, there are other clinical classifications, including borderline tuberculoid (BT), mid-borderline (BB), and borderline lepromatous (BL) (Degechisa and Dabi, 2022).

However, to define treatment, the WHO defined an easy classification, in which leprosy patients can be divided into two categories depending on the number of skin lesions and the bacillary rate, when this is accessible, in paucibacillary (PB) (up to five lesions) or multibacillary (MB) (more than five lesions) (Beissner et al., 2019; Germano et al., 2022). Here, it is important to highlight that diagnosing in the early stages of leprosy is essential to establish effective control of the disease (Rusmawardiana et al., 2022). Bacilloscopic, serological, and histological tests are some laboratory tests that are applied in the investigation of leprosy. However, no exam performed in isolation can diagnose the disease, as results may vary between methods according to the clinical types of the disease (Torres et al., 2021).

Confirming the diagnosis requires an analysis that considers the patient’s clinical history, anamnesis, laboratory evidence, and investigation of peripheral nerve injuries (Kundakci and Erdem, 2019). However, some molecular testing techniques have been evaluated to develop tests with greater performance, such as the polymerase chain reaction (PCR), which has a high sensitivity and specificity rate for detecting M. leprae DNA (Gama et al., 2020). Over the past two decades, several PCR methods have been developed for the amplification of a variety of M. leprae gene targets, including the 36 kDa antigen, the 18 kDa antigen, the 65 kDa antigen, and the 16S rRNA (Chen et al., 2019).

Ribosomal RNA molecules are of particular taxonomic interest, especially the 16S rRNA gene (Turankar et al., 2015). The 16S rRNA gene encodes the 16S part of ribosomal RNA, which is essential for protein synthesis and ribosomal function in all bacteria. It is well conserved among bacterial species despite being particular to each of them in its genetic constitution. In common with other slow-growing mycobacteria, M. leprae has a single copy of the gene rRNA with a large part of the recognized sequence (95’i) in the 16S rRNA gene, indicating a close relationship between M. leprae, M. tuberculosis and M. avium (Teske et al., 1991).

Ribosomes are RNA-based cellular components that function in protein synthesis. Species-specific insertions and deletions can be observed in distinct regions of rRNAs (ribosomal RNAs) (Kushwaha and Bhushan, 2020). In the case of the M. leprae 16S rRNA gene, a unique short sequence of 16 base pairs (bp) rich in adenine (A) and thymine (T) is observed. In contrast, in M. lepromatosis, one can find a sequence with a high proportion of AT composed of 19 bp included in its 16S rRNA gene (Deps and Collin, 2021).

The disease presents a significant public health challenge, particularly in endemic regions. Traditional diagnostic methods, including clinical assessments and histopathological examinations, often need more sensitivity, especially in paucibacillary cases (Sharma et al., 2024). The advent of molecular techniques, particularly PCR targeting the 16S rRNA gene, has revolutionized the detection of M. leprae DNA, offering a more sensitive and specific alternative.

Furthermore, immunological considerations are crucial in understanding leprosy, as the clinical spectrum of the disease is closely tied to the host’s immune response. The interplay between M. leprae and the immune system determines whether an individual develops a PB or MB form of leprosy. The immune response to M. leprae is characterized by a T helper (Th)1/Th2 paradigm. PB leprosy is associated with a robust Th1 response, marked by high levels of pro-inflammatory cytokines such as interferon-gamma (IFN-γ), facilitating effective cell-mediated immunity. In contrast, MB leprosy typically presents a Th2-dominated response with elevated levels of interleukin (IL)-4 and IL-10, leading to a humoral immune response and higher bacillary loads (Silva et al., 2024). Molecular diagnostics, particularly PCR, can complement immune-based diagnostic approaches, providing a more comprehensive view of the disease. This can be exemplified by the fact that PCR offers superior sensitivity for detecting M. leprae DNA in PB patients who may not exhibit significant antibody responses or visible bacilli on microscopy (Tatipally et al., 2018; Gama et al., 2020).

The choice of the 16S rRNA gene as a target for PCR in leprosy diagnostics is based on several important factors that highlight its relevance and utility. The 16S rRNA gene is highly conserved across bacterial species, but specific sequences within this gene are unique to Mycobacterium leprae. This specificity ensures that PCR assays targeting the 16S rRNA gene can reliably identify the presence of M. leprae without cross-reactivity with other mycobacterial species, making it a suitable choice for leprosy diagnosis (Teske et al., 1991). The use of 16S rRNA in PCR assays is well-documented and established in clinical microbiology. PCR targeting the 16S rRNA gene can be applied to various clinical samples, including skin biopsies, nasal swabs, and blood. While primarily used for detecting DNA, modifications of the assay (e.g., reverse transcription PCR [RT-PCR]) can enable the detection of RNA, providing insights into the viability of M. leprae. This capability can help differentiate between active infections and latent or non-viable organisms (Beissner et al., 2019).

The purpose of the present study was to compare the detection rates of leprosy in PB and MB patients using PCR targeting the 16S rRNA gene. For this reason, a meta-analysis was conducted here in order to synthesize data from multiple studies and provide a more comprehensive understanding of the diagnostic efficacy of PCR using 16S rRNA.



Materials and methods


Study design

This is a systematic review and diagnostic accuracy meta-analysis, based on the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 2020 writing protocol to achieve the proposed objective of the study, and with scientometrics analysis, based on Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR) (Page et al., 2021). This review was registered in PROSPERO with code CRD42024588790.



Scientometrics analyzes

The inclusion criteria for articles for scientometrics were to be consistent with the theme of molecular biology; PCR; diagnosis; 16S rRNA; Leprosy. The program Vosviewer 1.6.6 (Leiden University, Leiden, The Netherlands) was used to analyze the collaboration between authors, and the main keywords involved in this manuscript. Furthermore, Scimago Graphica (Version 1.0.17, Scimago, Granada, Spain) was used to construct the map of the level of publication on the topic with the references used in this article over the years1 (accessed August 14, 2024).



Formulation of the guiding question

To formulate the guiding question of this meta-analysis, the PICO (Population; Intervention; Comparison; Outcome) strategy was used and consisted of the following anagram: (P): patients with leprosy; (I): compare the leprosy detection rate by PCR with 16S rRNA regarding the clinical spectrum; (C): cases diagnosed in each operational classification in relation to real cases; (O): detection rate generated (Santos et al., 2007). This perspective refers to comparing clinical diagnosis versus molecular diagnosis, considering that the real cases were those diagnosed clinically (gold standard method).



Literature search strategy and eligibility criteria

The keywords (DeCS/MeSH) used for the search were: “16S rRNA”; “Leprosy”; “Polymerase Chain Reaction,” together with “AND”. The databases investigated were: PUBMED, SciELO, Science Direct and LILACS. Studies in English, Spanish, or Portuguese were searched for the entire time frame available in them. For inclusion of the study types, observational case–control, cross-sectional, and cohort studies were eligible. Brief/short communications, letters to the editor, editorials, articles available in abstract format, and articles unavailable in their full form were excluded.



Data extraction

The search in the databases, collection, investigation, tabulation, and data extraction was carried out by two authors independently (MJAS and TPB). They organized with the help of Microsoft Office Excel 365 software. Any disagreement between the analyses was resolved with the help of a third researcher (CSS). The data was extracted in July, 2024. The data extracted from the articles were: authors, year of publication, title, source database, methodology, sampling, nature of the sample, location of the population, and results of detection rate.



Assessment of the methodological quality of the articles and data synthesis

The quality assessment was performed by two researchers (MJAS and TPB) using the Joanna Briggs Institute - JBI critical appraisal checklist for analytical cross-sectional studies (score 0–8), the JBI checklist for case–control studies (score 0–10), and the JBI checklist for cohort studies (score 0–11). Only when the conditional answer was “Yes” will the scores for completing the checklist questions be considered. A third researcher gave an opinion in case of disagreement (CSS) (Aromataris and Munn, 2017). The evaluations were carried out, and the inclusion criterion for the studies as high quality in terms of methodological quality was if they obtained more than 60% of the corresponding scores (Silva et al., 2023). The synthesis of the generated data was done in tabular form and through the forest plot.



Statistical analysis of the meta-analysis

The Comprehensive Meta-Analyses–CMA program, version 2.2 (Biostat, Englewood, NJ, USA), was used on a computer to perform the statistical analysis of the meta-analysis. The effect test used was Pearson’s correlation to assess the connection and stability of the results across the operational classification groups of leprosy. The fixed-effects model estimated the frequency rate relationships in a combined manner with 95% confidence intervals (95% CI). A subgroup analysis was performed concerning the nature of the sample (samples from skin smears or biopsies). The Cochrane Q test and the I-squared measure (I2) were used to determine heterogeneity between the groups (p < 0.05 was considered statistically significant) (Sharpe, 2015). The Begg’s rank correlation test and a funnel plot were used to examine the potential for publication bias (p < 0.05 will be considered statistically significant). Subgroup analyses were done using the types of samples used for molecular testing in each study.




Results


Literature search

Out of the 65 papers that were initially found, 24 studies were removed throughout the data selection process. These studies included 8 letters to the editor, 7 studies that were only available in abstract form, and 9 duplicates. In addition, eight papers were deemed irrelevant to the subject based on an assessment of the title, abstract, and content. The authors separately discarded an additional 27 studies after analyzing the complete text of each publication and applying the qualifying criteria. The final dataset from this method is shown in this review and is further explained in Figure 1.
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FIGURE 1
 PRISMA flowchart for eligibility and inclusion of studies in this review.




Characterization of included studies

The six studies included in this meta-analysis were all from PUBMED (100%), in English (100%), with most Asian populations (50%), of which 33.34% were Indian and 16.66% Thai, followed by American (Brazilian) with 33.34% and African (Ethiopian) 16.66%. Furthermore, the samples used as an experimental basis in these studies were methodologically based on cross-sectional studies in half of them and case–control studies in the other half. Regarding the nature of the samples in these studies, 50% were from skin smears and the other 50% were from clinical biopsies. The methodological quality assessment of these studies considered the quality to be high (Table 1).



TABLE 1 Characteristics of the studies included in this meta-analysis.
[image: Table1]



Results of meta-analysis and publication bias of data

The data showed significant variation beyond the null hypothesis point in both subgroup analyses by clinical biopsy and skin smear and also in the total analysis of the data for all sample types, from the perspective of the paucibacillary group (Clinical biopsy: −0.45 [95% CI = −0.63 – –0.22], p < 0.001/Skin smear: -0.52 [95% CI = −0.65 – –0.36], p < 0.001/Overall: –0.50 [95% CI = −0.61 – –0.37], p < 0.001). These data are shown in Figure 2. Therefore, the correlation was pulled towards this group, i.e., there was a prominently more biased detection and, in this case, lower detection of paucibacillary. None of the subgroups or the combined investigation showed high heterogeneity (Clinical biopsy: x2 = 2.85, df = 2, p = 0.24, I2 = 29.86% / Slit-skin smear: x2 = 0.35, df = 2, p = 0.84, I2 = 0%/General: x2 = 3.51, df = 5, p = 0.62, I2 = 0%). With regard to the risk of publication bias, the funnel plot showed no visual disagreement with the data, and Begg’s test showed no statistical significance (p = 0.13) (Figure 3).

[image: Figure 2]

FIGURE 2
 Forest Plot of the correlation of overall leprosy detection about the operational groups of disease classification.


[image: Figure 3]

FIGURE 3
 Publication bias assessment funnel plot of the meta-analysis.




Scientometric analyzes

The co-authorship network in the field of leprosy is shown in Figure 4. There were 6 co-authorship clusters. The first, second and third clusters were composed of 4 distinct researchers, the fourth of 2 scholars and the fifth and sixth clusters of only 1 researcher. The size of the circle is proportional to the number of papers published by the author, the color of the circles corresponds to the year of publication, and the thickness of the lines is proportional to the frequency of collaboration. The thickness of the lines between them also testifies to the degree of cooperation, several large collaborative clusters and several smaller ones. As shown in Figures 5, a total of 2 clusters were identified, the first consisting of 9 items and the second of 6 items. The first cluster denoted the following keywords: “adolescent”; “child”; “child, preschool”; “female”; “humans”; “male”; “nucleic acid amplification technique”; “rna, ribosomal, 16S”; “sensitivity and specificity.” The second cluster consisted of: “biopsy”; “diagnostic medicine”; “leprosy”; “lesions”; “Mycobacterium leprae”; “Polymerase Chain Reaction.”

[image: Figure 4]

FIGURE 4
 A collaborative network of co-authors in the molecular detection of leprosy (1991–2024). Lighter colors indicate more recent collaborations.
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FIGURE 5
 Keyword co-occurrence network about the field of leprosy (1991–2024). Lighter colors indicate more recent use of these terms.


Figure 6 shows the evolutionary trajectory of the number of papers and journals on this field of leprosy. We obtained 48 papers for this study. The publications increased steadily from 2017 (n = 18, 37.5%) to 2024 (n = 30, 62.5%). Research on the molecular diagnosis of leprosy was published in 26 distinct journals. “PLOS Neglected Tropical Diseases” (JCR IF = 4.817) was the most productive journal, with 7 related papers (14.58%). It covered leprosy’s medical, physical, diagnosis, treatment, molecular biology, microbiology and social aspects and relevant information on leprosy control, followed closely by “International journal of leprosy and other mycobacterial diseases” which contributed 8.33% to the overall publications. “Journal of Clinical Microbiology” and “Leprosy Review” contributed equal rates of 6.25% of the works. “Journal of Clinical Microbiology” was the highest impact factor of these journals (JCR IF = 6.1), which published 3 papers (6.25%).

[image: Figure 6]

FIGURE 6
 Proportional distribution of studies in relation to the journal in which it was published and the year of publication (1991–2024). Each bracket dot of a different color represents a different periodic.





Discussion

Recent studies have demonstrated the superior sensitivity of PCR-based methods over conventional diagnostics. Although Mycobacterium leprae belongs to the slow-growing mycobacteria group, its 16S rRNA gene sequence differs significantly from other slow-growing mycobacteria. A quick and non-radioactive technique for identifying M. leprae in infected tissue was developed using these variations (by Polymerase Chain Reaction - PCR) (Cox et al., 1991). For instance, a study evaluating the 16S rRNA quantitative PCR (qPCR) method reported a positive detection rate of 94% in multibacillary leprosy patients, compared to significantly lower rates in paucibacillary cases (43.8% for nasal swabs and 9.4% for biopsies) (Manta et al., 2020). This discrepancy highlights the need for tailored diagnostic approaches based on the clinical spectrum of leprosy.

The ability to accurately detect M. leprae is crucial for timely intervention and management of leprosy. High sensitivity in detecting the bacterium allows for earlier diagnosis, which is essential in preventing transmission and reducing the risk of disabilities associated with the disease. Studies have shown that individuals with positive PCR results are at a higher risk of developing leprosy, highlighting the importance of molecular diagnoses in surveillance and control measures (Avanzi et al., 2020; Malhotra and Husain, 2022).

Regarding the types of diagnosis tests, PCR has been shown to be significantly more sensitive than traditional microscopy for detecting Mycobacterium leprae. Microscopy, which relies on the identification of acid-fast bacilli (AFB), requires a minimum bacterial load of approximately 104 organisms per gram of tissue for reliable detection. This threshold often results in missed diagnoses, particularly in paucibacillary forms of leprosy where bacilli are scarce or absent (Siwakoti et al., 2016). In contrast, PCR can detect much lower quantities of bacterial DNA, making it especially valuable for identifying cases that are difficult to diagnose through microscopy alone. However, while PCR offers higher sensitivity, its implementation may be limited by costs and the need for specialized laboratory equipment. Microscopy remains widely used due to its accessibility and lower cost, particularly in resource-limited settings. However, PCR’s ability to provide rapid results can enhance early diagnosis and treatment initiation (Banerjee et al., 2011).

Serological tests, such as enzyme-linked immunosorbent assays (ELISA), have been employed to detect immune responses to M. leprae antigens. However, these tests can yield variable results based on the patient’s immune status and the stage of the disease. Studies indicate that serological tests may not be as reliable as PCR in accurately diagnosing leprosy, particularly in cases with low bacillary loads or atypical presentations (Gurung et al., 2019). Although PCR is highly specific and sensitive, it is often recommended to use it in conjunction with serological tests to improve overall diagnostic accuracy. This combined approach can enhance the predictive value of leprosy diagnosis by confirming active infections while also assessing immune responses (Silva et al., 2017).

Molecular methods, particularly PCR targeting the Mycobacterium leprae genome, have emerged as superior diagnostic tools for detecting early or latent leprosy cases, especially in patients with PB forms of the disease (Das et al., 2023; David et al., 2024). These advancements hold significant potential for improving clinical outcomes and disease control strategies. In addition to showing higher sensitivity than conventional diagnostic techniques like microscopy and serology, PCR’s speedy identification of M. leprae DNA enables earlier diagnosis and treatment commencement. In particular, as PB patients cannot have large antibody responses that can be detected by serological techniques, early management is essential in limiting the course of the disease and its accompanying impairments (Warka et al., 2024).

Furthermore, PCR is applicable to a wide range of biological materials other than skin biopsies, such as blood, urine, and slit skin smears. Through measuring the bacterial load, quantitative polymerase chain reaction, or qPCR, can provide doctors with information on the severity of an illness and possible treatment outcomes. Incorporating qPCR into routine diagnostic protocols can significantly enhance sensitivity. qPCR allows for the quantification of M. leprae DNA, making it possible to detect lower bacterial loads effectively. This quantification can lead to better case management by guiding therapeutic decisions and treatment efficacy monitoring over time (Manta et al., 2019).

Only six studies that included molecular research involving the highlighted PCR target gene were included in the present analysis, which differentiates groups based on the operational classification of leprosy. Molecular research that aimed to identify these cases by analyzing patient nasal samples was not found in the search; instead, samples from clinical biopsy or skin smear were the only findings. In this meta-analysis of the clinical spectrum of leprosy, a strong negative correlation was discovered in the correlation for comparative detection analysis. This means that when the detection rate rises in one group, it falls in the other group for both clinical biopsy samples and skin smears from leprosy patients. This might suggest that this gene has a high specificity but a low sensitivity as a detection target.

In the context of leprosy diagnostics, the trade-off between sensitivity and specificity in PCR assays is a critical consideration, particularly when evaluating the performance of different markers like the 16S rRNA gene and M. leprae-specific repetitive element (RLEP). High sensitivity is crucial for detecting active infections, particularly in PB cases where bacterial loads are low. A sensitive test minimizes the risk of false negatives, which can lead to untreated infections and ongoing transmission. The inability to accurately detect M. leprae DNA in PB cases can lead to delayed diagnosis and treatment initiation, which is particularly concerning as early intervention is crucial for preventing nerve damage and disability (Van Veen et al., 2006; Marques et al., 2018). High specificity is important to avoid false positives, which can cause unnecessary anxiety and lead to inappropriate treatment strategies. However, in clinical practice, especially in endemic regions, the priority often shifts towards sensitivity when diagnosing diseases with low prevalence or variable presentation (Martins et al., 2016).

The differing detection rates of Mycobacterium leprae in skin biopsies and nasal swabs can be attributed to several factors, including bacterial localization in various tissue types and methodological differences in sample preparation (Sarath et al., 2023). Understanding these variations is essential for addressing the diagnostic challenges faced in clinical practice. M. leprae exhibits a preference for specific tissues, particularly those with cooler temperatures, such as the skin and peripheral nerves. In skin biopsies, the bacterium is often found in higher concentrations due to its localization in dermal tissues, where it can cause lesions (Kramme et al., 2004). This difference in bacterial load directly affects the sensitivity of PCR assays; higher concentrations of M. leprae in skin biopsies increase the likelihood of successful DNA amplification (Santos et al., 1993).

The clinical spectrum of leprosy also influences bacterial distribution. In MB cases, where there is a higher overall bacterial load, both skin and nasal samples are more likely to yield positive results. However, in PB cases, where bacillary counts are low, nasal swabs may not capture sufficient M. leprae DNA for detection. Therefore, for PB cases, clinicians may need to prioritize skin biopsies or other invasive techniques to ensure adequate bacterial recovery for accurate diagnosis. For surveillance, nasal swabs offer a non-invasive alternative but may require confirmation through more sensitive methods or additional sampling strategies (Job et al., 1991; De Wit et al., 1993).

This implies the possible invalidation of this PCR method with this target for complementary diagnosis of paucibacillary leprosy, as it is not very effective for use in detecting the disease in this operational group. This is corroborated by previous data from molecular research involving leprosy diagnosis. PCR using the 16S rRNA gene as a target has lower sensitivity in detecting M. leprae when compared to other genomic regions, such as the M. lepraerlep sequence (Kamal et al., 2006; Martinez et al., 2011; Turankar et al., 2015; Marques et al., 2018; Sharma et al., 2024). Furthermore, this possible high specificity should be further investigated, considering that this finding may be related solely to the high bacillary load in patients and, therefore, to the greater number of copies and viability of M. leprae in the samples available in each study of this present review (Kurabachew et al., 1998; Xiong et al., 2006; Truman et al., 2008).

In particular, Martinez et al. (2009) confirmed the specificity of the 16S rRNA primer for M. leprae using the qPCR technique on 9 other Mycobacterium species, including M. tuberculosis H37RVV ATCC 27294 (Martinez et al., 2009). Study carried out by Martinez et al. (2011), comparing the sensitivity and specificity of qPCR in the amplification of the sodA, 16S rRNA, RLEP and Ag85B genes for the differential diagnosis of leprosy, referred to RLEP as a target with greater sensitivity for leprosy cases. About 16S rRNA, this was more specific, although less sensitive (Martinez et al., 2011). Ag85B and sodA have been shown to have high sensitivity in detecting M. leprae but they are not as widely adopted as 16S rRNA due to variability in their performance across different studies and sample types (Torres et al., 2021). The Ag85B gene is associated with virulence but may not provide as clear a differentiation between active disease and latent infection as 16S rRNA when used alone (Spencer and Brennan, 2011; Spencer et al., 2011).

The 18 kDa protein is a major antigen of M. leprae and plays a crucial role in the immune response. Specific primers targeting this gene have shown high specificity in detecting M. leprae DNA. While effective, its sensitivity can be variable, particularly in paucibacillary forms of leprosy where bacterial load is low (Kang et al., 2003; Machado et al., 2020). Besides that, multidrug therapy (MDT)’s effectiveness in treating leprosy may be effectively evaluated using RT-PCR and DNA-PCR for the 18 kDa protein of M. leprae (Chae et al., 2002). The 65 kDa protein is a heat shock protein that aids in the survival of M. leprae under stress conditions. This gene has been extensively studied for its role in PCR diagnostics, often used alongside other targets to enhance detection rates. Regarding its performance, while it provides good specificity, its sensitivity can be low, particularly in low-bacterial-load cases (Hartskeerl et al., 1989; Donoghue et al., 2001; Cheng et al., 2019). The 36 kDa is associated with the virulence of M. leprae and is another significant component recognized by the immune system. PCR assays using this target have been reported to provide reliable results, especially in cases with atypical presentations or when other methods fail to confirm leprosy. The 36 kDa antigen has demonstrated good performance in terms of both sensitivity and specificity, making it a preferred choice for molecular diagnostics (Wichitwechkarn et al., 1995; Shampa et al., 2020).

The 16S rRNA gene is a single-copy target in the M. leprae genome, making it highly specific but potentially less sensitive than multi-copy targets like RLEP. 16S rRNA PCR can detect viable bacilli by targeting ribosomal RNA, which is only present in metabolically active organisms. One study found that 16S rRNA qPCR had a sensitivity of only 20% in slit skin smears (SSS) from household contacts, likely due to the low bacterial loads in these samples (Manta et al., 2019).

The RLEP sequence is a repetitive element with multiple copies (at least 28) in the M. leprae genome, conferring higher sensitivity compared to single-copy targets like 16S rRNA. RLEP qPCR demonstrated 100% sensitivity in detecting M. leprae DNA in nasal swabs from MB leprosy patients, but it cannot distinguish between viable and non-viable organisms or between active disease and latent infection. In summary, RLEP PCR is ideal for rapid, sensitive detection of M. leprae in active disease, particularly MB cases. RLEP is also highly conserved among other mycobacterial species, which raises concerns about potential cross-reactivity and false positives in certain contexts. 16S rRNA PCR provides valuable information about bacterial viability and infectivity, making it useful for monitoring treatment response and assessing subclinical infections. Given its limitations, it would be preferable for 16S rRNA PCR to be frequently complemented by other diagnostic methods, such as RLEP PCR or serological tests, to improve the overall accuracy of the diagnosis of leprosy patients, especially those with PB forms (Teske et al., 1991; Yan et al., 2014; Mohanty et al., 2020).

Furthermore, the operational classification of leprosy patients (multibacillary vs. paucibacillary) influences the detection rates. In a comparative analysis, multibacillary patients demonstrated a markedly higher positivity in PCR tests, suggesting that the clinical spectrum must be considered when interpreting PCR results and planning treatment strategies (Marques et al., 2018). Furthermore, using different sample types has been shown to affect detection rates. Skin biopsies and nasal swabs yielded higher positivity rates than peripheral blood, particularly in multibacillary cases (Manta et al., 2019). The choice of extraction methods also plays a critical role; for example, the Microbiome kit significantly enhances the detection of M. leprae DNA, indicating that optimized sample preparation can improve diagnostic accuracy (Lopes-Luz et al., 2023).

Moreover, scientometric analysis could provide valuable insights into the evolution of leprosy research and the effectiveness of diagnostic techniques. The scientometric analysis revealed some scientific cooperation between authors and a large body of literary works produced in the last 8 years. The increase in the number of publications related to the molecular diagnosis of leprosy in the last 8 years can be justified by several factors, mainly by the advances in molecular biology and its dissemination in public health. Improving molecular biology techniques, such as PCR, has enabled more sensitive and specific detection of Mycobacterium leprae (Martinez et al., 2014). Recent studies have shown that molecular methods offer a more reliable alternative than traditional diagnostic methods, which often have low sensitivity, especially in the early stages of the disease (Martinez et al., 2011; Marques et al., 2018; Torres et al., 2021). Leprosy continues to be a significant concern in several regions of the world, and organizations such as the WHO have promoted initiatives to control and eliminate leprosy, encouraging research in molecular diagnostics (Santos et al., 2020). These factors, combined with institutional support and research collaboration, have boosted scientific production in this area.

Despite advances in PCR technology, challenges remain in the widespread implementation of these methods. Issues such as the need for specialized laboratory infrastructure, the potential for contamination, and the variability in sensitivity based on clinical presentation complicate the diagnostic landscape (Lima et al., 2015). Addressing the variability in sample collection methods and PCR techniques is essential for improving the robustness and reproducibility of molecular diagnostics research for leprosy. The PCR target selection and the technique used for sample collection (e.g., punch biopsy vs. excisional biopsy) can affect the quality and quantity of the sample obtained. Inconsistent methods may result in varying amounts of viable bacteria or DNA, impacting PCR sensitivity and specificity. Through establishing standardized protocols, providing training, implementing quality control measures, encouraging data sharing, and regularly reviewing methodologies, researchers can enhance the comparability of results across studies. These efforts can ultimately contribute to more reliable diagnostic tools that can effectively support leprosy management and control strategies globally. For instance, multiplex PCR has shown promise in detecting early leprosy cases (Pathak et al., 2024).

Then, multiplex PCR allows for the simultaneous amplification of multiple DNA targets within a single reaction. This capability is particularly beneficial in leprosy diagnostics, where it can include both RLEP and 16S rRNA genes, among others. By targeting multiple sequences, multiplex PCR increases the likelihood of detecting M. leprae DNA even when bacterial loads are low. Furthermore, low-bacterial-load samples may contain inhibitors that affect PCR performance (Bertão-Santos et al., 2024). Multiplex assays can be designed to include internal controls that help identify and mitigate these inhibitory effects, ensuring more reliable results. Through optimization of reaction conditions and using specific primers designed to minimize non-specific amplification, multiplex PCR can enhance overall assay performance. Research indicates that multiplex PCR can significantly improve diagnostic sensitivity in smear-negative samples, which is particularly relevant for PB cases (Banerjee et al., 2010).

Additionally, the integration of molecular diagnostics into routine clinical practice faces barriers, including cost, training requirements, and the availability of reagents. Establishing standardized protocols and training programs is essential to enhance the reliability of PCR-based diagnostics in diverse healthcare settings (Barreto Da Silveira et al., 2021). Although 16S rRNA is widely used as a complementary diagnostic test for leprosy, clinical variability and low M. leprae load in paucibacillary cases may result in inaccurate diagnoses (Kampirapap et al., 1997; Collins et al., 2023). This suggests the need to improve molecular methods, such as qPCR, which demonstrate greater sensitivity and specificity, to improve the detection and diagnosis of leprosy ultimately.

More advanced instruments are needed to demonstrate viability since M. leprae cannot be grown on artificial medium. A few studies have shown that RNA assays may be applied to evaluate bacterial viability under MDT in Slit Skin Smear and skin biopsies. M. leprae RNA detection is thought to be a feasible option to identify viable/replicating organisms (Lini et al., 2009; Martinez et al., 2009, 2014). Viable M. leprae has been found in environmental samples taken from the local area surrounding the homes of leprosy patients, which has led to the increased use of RNA tests in transmission investigations (Mohanty et al., 2016; Turankar et al., 2016).

Martinez et al. (2009) have previously demonstrated that the low sensitivity of M. leprae mRNA (such as sodA) in clinical samples limits its use to short-term experimental conditions for predicting the survivability of the bacilli (Martinez et al., 2009). Other (myco-) bacterial pathogens were also found to have low mRNA detection sensitivity from clinical samples [32], however, some authors contended that rRNA, despite its high sensitivity, could also be detected from dead bacteria (including metabolically active but culture-negative bacilli such as those of the Mycobacterium tuberculosis complex—MTBC). Recent research by Prakoeswa et al. (2016) confirmed the results of a previous study by Haile and Ryon (2004), showing that 16S rRNA is quickly degraded in dead M. leprae and may thus be utilized as a viability marker (Haile and Ryon, 2004; Prakoeswa et al., 2016).

The advantages of implementing the 16S rRNA technique in diagnosing leprosy are the robustness in routine screening; clinical validation (16S rRNA PCR has shown reasonable sensitivity [around 50%] and high specificity [approximately 94%] when used on skin biopsies from suspected leprosy patients) (Manta et al., 2020); complementary role in the case of integration of 16S rRNA PCR with other diagnostic methods (such as RLEP or serological tests) can enhance overall diagnostic accuracy (Bathula et al., 2023). Through the use of multiple targets, clinicians can improve sensitivity while maintaining specificity, thereby reducing the likelihood of false negatives. Besides that, ongoing research into optimizing 16S rRNA-based assays—such as developing multiplex PCR that includes both RLEP and 16S rRNA—can further enhance its utility in clinical practice (Beissner et al., 2019).

The limitations of this review permeate the heterogeneity of the studies included, as the variability in sample collection methodologies, types of PCR used, and patient inclusion criteria between the studies analyzed can lead to inconsistent results. Studies using different DNA extraction techniques or molecular targets may not be directly comparable, influencing the reported detection rate. The sensitivity and specificity limits of the technique may influence the reported comparison. Furthermore, the representativeness of the samples is crucial, where sampling must be respected for causal inference, and unequal sample groupings (between paucibacillary and multibacillary) can distort conclusions about the effectiveness of PCR in different clinical spectrums (Margotti and de Paiva, 2021).

The distribution of leprosy cases may be greatly impacted by variables including population density, socioeconomic level, and healthcare facilities, which can have an impact on both detection and categorization. Increased poverty levels are frequently associated with worse health outcomes, including increased leprosy prevalence (Nery et al., 2019). A lack of knowledge about leprosy symptoms and transmission caused by lower educational level might delay diagnosis and treatment (Alves et al., 2014). In impoverished areas, educational gaps are frequently more noticeable. In economically poor communities, there is a higher prevalence of inadequate housing and sanitation, which contributes to the development of infectious illnesses like leprosy (Prakoeswa et al., 2020).

Rural and underdeveloped communities frequently have restricted access to healthcare services. Less developed areas could find it difficult to diagnose and treat leprosy cases promptly, which could impact whether instances are classified as PB or MB. Furthermore, effective disease monitoring and response depend on a strong public health infrastructure and public health interventions, meaning that national and local health policies that emphasize leprosy control can have a major impact on prevalence rates (Mártires et al., 2024). Geographic heterogeneity is a critical factor influencing leprosy detection rates. Regions with high incidence rates of leprosy, such as parts of India and Brazil, may have a higher proportion of MB cases due to ongoing transmission of the bacillus. In contrast, areas with low incidence may have more PB cases, where the infection is often detected at an early stage (Paz et al., 2023). In Brazil, for example, regions like Pará exhibit significantly higher new case detection rates compared to other states due to ongoing transmission dynamics and historical factors related to healthcare access (Dergan et al., 2023; Queiroz et al., 2024). This geographic variability can lead to differences in reported heterogeneity in this present meta-analysis.

The clinical spectrum of leprosy includes various stages, from asymptomatic infections to severe forms with significant disabilities. The stage at which patients are diagnosed can influence detection rates and outcomes. For example, studies that mainly include patients with advanced disease may record higher detection rates due to the more severe presentation of symptoms. On the other hand, studies that focus on early detection and asymptomatic cases may show lower rates (Mahato et al., 2023). Therefore, this may also be a limitation of our analyses.

Variations in study design also contribute to heterogeneity in findings. Differences may arise from: methodological approaches some studies may employ different diagnostic criteria or methodologies [e.g., varying sample sizes], leading to discrepancies in detection rates; population characteristics (age, sex, ethnicity) of study populations can influence disease prevalence and reporting; data collection methods (studies utilizing retrospective data might capture different aspects of disease prevalence compared to prospective studies and this can lead to biases in how cases are reported and detected) (Romão and Mazzoni, 2013; Freitas et al., 2017; Albuquerque et al., 2020; Barbosa et al., 2020).

Several approaches are being considered to overcome these limitations in the molecular technique on leprosy. The combination of different molecular targets, such as the proposal of a combined RLEP/16S rRNA assay for detecting M. leprae from nasal swab samples, is one of the solutions already discussed in the literature. The multi-target use of a molecular technique combining RLEP and 16S rRNA in a real-time quantitative PCR (qPCR) assay takes advantage of the strengths of both markers: RLEP, which increases sensitivity for the detection of low bacillary loads; 16S rRNA, which can provide valuable information on bacterial viability (Turankar et al., 2015). This approach aims to increase the sensitivity of the diagnosis, especially in paucibacillary cases, where the bacterial load is low and traditional methods often fail. Therefore, this method is helpful about the issue of bacillary load and viability of M. leprae from nasal swab samples (Beissner et al., 2019). It can also be used for early diagnosis, tracking the effectiveness of treatment, and examining the potential role of M. leprae’s nasal carriage in aerosol infection-mediated human-to-human transmission.

Recent research has explored the efficacy of different PCR methods for detecting M. leprae. For example, ultra-sensitive detection of M. leprae using DNA extraction methods and PCR assays has shown promising results, with high detection rates in biopsy specimens (Manta et al., 2020). Another study highlighted the use of RT-PCR for detecting M. leprae in clinical specimens, showing high specificity, especially in multibacillary cases (Kurabachew et al., 1998). Then, it is crucial to continue exploring and validating new methodologies that can overcome the current limitations in detecting M. leprae. Combining different molecular approaches and improving diagnostic techniques can increase the detection rate and contribute to more effective leprosy control in affected populations. Collaboration between researchers, clinicians, and healthcare institutions will be essential to implement these innovations and improve patient outcomes (Arthaningsih and Margha, 2023).

Improving molecular diagnostics for leprosy, particularly in PB cases, is crucial for early detection, timely treatment, and effective disease control. Using multiple gene targets (e.g., RLEP and 16S rRNA) in a multiplex PCR assay can enhance overall sensitivity (Beissner et al., 2019). This approach increases the likelihood of detecting M. leprae DNA across different clinical presentations and sample types. Combining PCR with immune-based diagnostics, such as IFN-γ release assays (IGRAs), can provide a holistic view of the disease state (Kim et al., 2013; Barreto Da Silveira et al., 2021). While PCR confirms the presence of the pathogen, IGRAs assess the host’s immune response to specific antigens from M. leprae. This dual approach can differentiate between active infections and latent states, improving clinical decision-making. Focus on areas with higher bacterial loads when collecting skin samples (e.g., earlobes or lesions) can increase the chances of detecting M. leprae (Lini et al., 2009). Ensure that sample processing protocols are standardized to maximize DNA recovery and minimize degradation. This includes optimizing extraction techniques to enhance yield from low-bacterial-load samples. Moreover, it can be considered to use DNA extraction kits specifically designed for low-yield samples, which can improve the quality and quantity of extracted DNA (Soto and Torres Muñoz, 2015).

The integration of RNA-based viability assays and the exploration of emerging technologies like Next-Generation Sequencing (NGS) and CRISPR-based diagnostics hold promise for enhancing sensitivity and specificity. RNA targets are more abundant than DNA in actively replicating bacteria, allowing for the detection of viable organisms even when bacterial loads are low, as often seen in PB cases. Through quantifying RNA levels, clinicians can monitor treatment efficacy and identify potential treatment failures early on. A study found that a combined RLEP DNA/16S rRNA assay could consistently detect viable M. leprae in MB patient biopsies before treatment and demonstrate a decline in viability during multidrug therapy (MDT) (Donoghue et al., 2001). RNA-based assays can be applied to environmental samples to study the role of nasal carriage in human-to-human transmission, as viable bacteria can be detected through RNA markers (Fischer, 2017).

NGS technology allows for the simultaneous detection of multiple genetic targets, potentially improving sensitivity compared to single-target PCR assays. NGS can also provide insights into M. leprae strain diversity and its association with clinical outcomes (Quan et al., 2020). CRISPR-Cas systems have shown potential for rapid, sensitive, and specific detection of pathogens. Through targeting conserved regions in the M. leprae genome, CRISPR-based assays could achieve high sensitivity while maintaining specificity. As research continues to validate these methods, their clinical adoption could significantly impact leprosy management and contribute to the global effort towards disease elimination (Singh et al., 2015). Investigations into new genetic targets or biomarkers that could be better able to identify M. leprae at low concentrations or in the early stages of infection could be supported. Clinical trials that assess novel diagnostic instruments and techniques created especially for PB leprosy could be supported.



Conclusion

The comparative analysis of leprosy detection rates through PCR targeting the 16S rRNA gene reveals significant insights into the disease’s clinical spectrum and diagnostic challenges. While PCR offers a more sensitive and specific diagnostic tool, its implementation must be carefully managed to address the existing challenges. One way to increase the chances of detecting M. leprae DNA in a variety of clinical presentations and sample types is to use alternative approaches, such as combining PCR with immune-based diagnostics, searching for new molecular targets for use in PCR, such as possibly the 36 kDa antigen, or future research directions that combine multiple molecular targets, such as RLEP and 16S rRNA in a multiplex PCR assay. Future research should focus on optimizing diagnostic protocols, exploring less invasive sampling techniques, and enhancing the accessibility of molecular diagnostics in endemic regions. This approach will ultimately contribute to more effective leprosy control and management strategies.



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.



Author contributions

MS: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Validation, Visualization, Writing – original draft. TB: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Writing – original draft. CS: Data curation, Formal analysis, Writing – original draft. CF: Formal analysis, Funding acquisition, Investigation, Resources, Supervision, Validation, Visualization, Writing – review & editing. DS: Data curation, Formal analysis, Investigation, Software, Writing – original draft. LF: Investigation, Methodology, Resources, Validation, Visualization, Writing – original draft. KN: Data curation, Investigation, Validation, Visualization, Writing – original draft. ES: Data curation, Formal analysis, Investigation, Methodology, Writing – original draft. KL: Funding acquisition, Investigation, Resources, Software, Supervision, Validation, Visualization, Writing – review & editing. NG: Project administration, Resources, Validation, Visualization, Writing – review & editing, Data curation, Investigation, Methodology. LL: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was funded by the Coordination for the Improvement of Higher Education Personnel (CAPES, Process: 88887.940087/2024–00) and by CNPq (Process: 309230/2021–7).



Acknowledgments

The authors thank the Multiuser Core Laboratory of Biological Analysis and Molecular Biology (BioMol) at Universidade Tecnológica Federal do Paraná (UTFPR), Campus Dois Vizinhos.



Conflict of interest

The 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.



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.



Footnotes

1   https://www.graphica.app/




References

 Albuquerque, A. R. D., Silva, J. V. D. M., Barreto, E. D. O., Fraga, C. A. D. C., Santos, W. O. D., Silva, M. S. M. D., et al. (2020). Epidemiological, temporal and spatial dynamics of leprosy in a municipality in northeastern Brazil (2008-2017): an ecological study. Rev. Soc. Bras. Med. Trop. 53:e20200246. doi: 10.1590/0037-8682-0246-2020 

 Alrehaili, J. (2023). Leprosy classification, clinical features, epidemiology, and host immunological responses: failure of eradication in 2023. Cureus 15:e44767. doi: 10.7759/cureus.44767 

 Alves, C. R. P., Ribeiro, M. M. F., Melo, E. M., and Araújo, M. G. (2014). Teaching of leprosy: current challenges. An. Bras. Dermatol. 89, 454–459. doi: 10.1590/abd1806-4841.20142444 

 Aromataris, E., and Munn, Z. (2017). Joanna Briggs institute reviewer’s manual. Joanna Briggs Institute 2017, 36–43. doi: 10.46658/JBIMES-20-01


 Arthaningsih, D. A. A. D., and Margha, N. P. T. M. (2023). Literature review: accuracy of diagnostic tests for leprosy. Opsearch 2, 682–695. doi: 10.58811/opsearch.v2i9.75


 Avanzi, C., Singh, P., Truman, R. W., and Suffys, P. N. (2020). Molecular epidemiology of leprosy: an update. Infect. Genet. Evol. 86:104581. doi: 10.1016/j.meegid.2020.104581 

 Banerjee, S., Biswas, N., Kanti Das, N., Sil, A., Ghosh, P., Hasanoor Raja, A. H., et al. (2011). Diagnosing leprosy: revisiting the role of the slit-skin smear with critical analysis of the applicability of polymerase chain reaction in diagnosis. Int. J. Dermatol. 50, 1522–1527. doi: 10.1111/j.1365-4632.2011.04994.x 

 Banerjee, S., Sarkar, K., Gupta, S., Mahapatra, P. S., Gupta, S., Guha, S., et al. (2010). Multiplex PCR technique could be an alternative approach for early detection of leprosy among close contacts – a pilot study from India. BMC Infect. Dis. 10:252. doi: 10.1186/1471-2334-10-252 

 Barbosa, C. C., Bonfim, C. V. D., Brito, C. M. G. D., Souza, W. V. D., Melo, M. F. D. O., and Medeiros, Z. M. D. (2020). Spatial analysis of epidemiological and quality indicators of health services for leprosy in hyperendemic areas in northeastern Brazil. Rev. Inst. Med. Trop. S. Paulo 62:e93. doi: 10.1590/s1678-9946202062093


 Barreto Da Silveira, I. G. D. O., Da Silva Neto, J. A., Da Silva Ferreira, J., Silva, T. S., and Holanda, I. S. A. (2021). Detection of Mycobacterium leprae DNA in clinical and environmental samples using serological analysis and PCR. Mol. Biol. Rep. 48, 6887–6895. doi: 10.1007/s11033-021-06691-5 

 Bathula, S., Khurana, A., and Singh, I. (2023). Diagnosis of leprosy: current updates and future directions. IJPGD 1, 13–23. doi: 10.25259/IJPGD_36_2022


 Beissner, M., Woestemeier, A., Saar, M., Badziklou, K., Maman, I., Amedifou, C., et al. (2019). Development of a combined RLEP/16S rRNA (RT) qPCR assay for the detection of viable M. leprae from nasal swab samples. BMC Infect. Dis. 19:753. doi: 10.1186/s12879-019-4349-9 

 Bertão-Santos, A., Dias, L. D. S., Ribeiro-Alves, M., Pinheiro, R. O., Moraes, M. O., Manta, F. S. D. N., et al. (2024). Validation of the performance of a point of care molecular test for leprosy: from a simplified DNA extraction protocol to a portable qPCR. medRxiv. 2:51. doi: 10.1101/2024.02.29.24303527


 Castillo, R. R., Gascón, L. C. H., Ruiz-Fuentes, J. L., Fundora, F. M. P., Albajés, C. R. R., Henao-Martínez, A. F., et al. (2021). Leprosy in children in Cuba: epidemiological and clinical description of 50 cases from 2012–2019. PLoS Negl. Trop. Dis. 15:e0009910. doi: 10.1371/journal.pntd.0009910 

 Chae, G.-T., Kim, M.-J., Kang, T.-J., Lee, S.-B., Shin, H.-K., Kim, J.-P., et al. (2002). DNA-PCR and RT-PCR for the 18-kDa gene of Mycobacterium leprae to assess the efficacy of multi-drug therapy for leprosy. J. Med. Microbiol. 51, 417–422. doi: 10.1099/0022-1317-51-5-417 

 Chen, X., Xing, Y., He, J., Tan, F., You, Y., and Wen, Y. (2019). Develop and field evolution of single tube nested PCR, SYBRGreen PCR methods, for the diagnosis of leprosy in paraffin-embedded formalin fixed tissues in Yunnan Province, a hyper endemic area of leprosy in China. PLoS Negl. Trop. Dis. 13:e0007731. doi: 10.1371/journal.pntd.0007731 

 Cheng, X., Sun, L., Zhao, Q., Mi, Z., Yu, G., Wang, Z., et al. (2019). Development and evaluation of a droplet digital PCR assay for the diagnosis of paucibacillary leprosy in skin biopsy specimens. PLoS Negl. Trop. Dis. 13:e0007284. doi: 10.1371/journal.pntd.0007284 

 Collins, J. H., Lenz, S. M., Ray, N. A., Lahiri, R., and Adams, L. B. (2023). Assessment of esxA, hsp18, and 16S transcript expression as a measure of Mycobacterium leprae viability: a comparison with the mouse footpad assay. Lepr. Rev. 94, 7–18. doi: 10.47276/lr.94.1.7


 Cox, R. A., Kempsell, K., Fairclough, L., and Colston, M. J. (1991). The 16Sribosomal RNA of Mycobacterium leprae contains a unique sequence which can be used for identification by the polymerase chain reaction. J. Med. Microbiol. 35, 284–290. doi: 10.1099/00222615-35-5-284


 Das, R., Mohapatra, D., Panda, R. K., Jena, S., and Purohit, G. K. (2023). Comparative evaluation of RLEP-PCR and conventional laboratory methods for confirmation of clinically diagnosed early-stage leprosy in eastern India. NJLM. 12:5. doi: 10.7860/NJLM/2023/59409.2686


 David, D., Das, M., and Mani Chandra, H. (2024). A comparative study on the detection of Mycobacterium leprae DNA in urine samples of leprosy patients using Rlep-PCR with other conventional samples. Mol. Biol. Rep. 51:504. doi: 10.1007/s11033-024-09470-0


 De Wit, M. Y., Douglas, J. T., McFadden, J., and Klatser, P. R. (1993). Polymerase chain reaction for detection of Mycobacterium leprae in nasal swab specimens. J. Clin. Microbiol. 31, 502–506. doi: 10.1128/jcm.31.3.502-506.1993 

 Degechisa, S. T., and Dabi, Y. T. (2022). Leptin deficiency may influence the divergence of cell-mediated immunity between lepromatous and Tuberculoid leprosy patients. J. Inflamm. Res. 15, 6719–6728. doi: 10.2147/JIR.S389845 

 Deps, P., and Collin, S. M. (2021). Mycobacterium lepromatosis as a second agent of Hansen’s disease. Front. Microbiol. 12:698588. doi: 10.3389/fmicb.2021.698588 

 Dergan, M. R. A., Gonçalves, N. V., Falcão, L. F. M., Carvalho, D. D. N. R. D., Anjos, T. A. F. D., and Palácios, V. R. D. C. M. (2023). Socio-demographic and epidemiological characterisation of leprosy in the population of Pará, Amazon, from 2016 to 2020. ACRI 23, 34–39. doi: 10.9734/acri/2023/v23i5573


 Donoghue, H. D., Holton, J., and Spigelman, M. (2001). PCR primers that can detect low levels of Mycobacterium leprae DNA. J. Med. Microbiol. 50, 177–182. doi: 10.1099/0022-1317-50-2-177 

 Ebenezer, G. J., and Scollard, D. M. (2021). Treatment and evaluation advances in leprosy neuropathy. Neurotherapeutics 18, 2337–2350. doi: 10.1007/s13311-021-01153-z 

 Fischer, M. (2017). Leprosy–an overview of clinical features, diagnosis, and treatment. JDDG. J. Dtsch. Dermatol. Ges. 15, 801–827. doi: 10.1111/ddg.13301 

 Freitas, B. H. B. M. D., Cortela, D. D. C. B., and Ferreira, S. M. B. (2017). Perfil sociodemográfico, clínico e epidemiológico da hanseníase em menores de quinze anos, Mato Grosso, Brasil. Hansenol. Int. 42, 12–18. doi: 10.47878/hi.2017.v42.34969


 Gama, R. S., Leite, L. A., Colombo, L. T., and Fraga, L. A. D. O. (2020). Prospects for new leprosy diagnostic tools, a narrative review considering ELISA and PCR assays. Rev. Soc. Bras. Med. Trop. 53:e20200197. doi: 10.1590/0037-8682-0197-2020 

 Germano, G. V., Braga, A. F., Camargo, R. M.De, Ballalai, P. B., Bezerra, O. C., and Manta, F. S., , et al. (2022). Association of CD209 (DC-SIGN) rs735240 SNV with paucibacillary leprosy in the Brazilian population and its functional effects. Mem. Inst. Oswaldo Cruz 117::e220014. doi: 10.1590/0074-02760220014 

 Guevara, A., Vicente, V. A., de Souza Lima, B. J. F., Nery, A. F., Hagen, F., and Hahn, R. C. (2022). Chromoblastomycosis-leprosy co-infection in central West Brazil. Presentation of three cases and literature review. Mycopathologia 187, 363–374. doi: 10.1007/s11046-022-00646-5 

 Gurung, P., Gomes, C. M., Vernal, S., and Leeflang, M. M. G. (2019). Diagnostic accuracy of tests for leprosy: a systematic review and meta-analysis. Clin. Microbiol. Infect. 25, 1315–1327. doi: 10.1016/j.cmi.2019.05.020


 Haile, Y., and Ryon, J. J. (2004). Colorimetric microtitre plate hybridization assay for the detection of Mycobacterium leprae 16S rRNA in clinical specimens. Lepr. Rev. 75, 40–49. doi: 10.47276/lr.75.1.40


 Hartskeerl, R. A., De Wit, M. Y. L., and Klatser, P. R. (1989). Polymerase chain reaction for the detection of Mycobacterium leprae. Microbiology 135, 2357–2364. doi: 10.1099/00221287-135-9-2357


 Job, C. K., Drain, V., Williams, D. L., Gillis, T. P., Truman, R. W., Sanchez, R. M., et al. (1991). Comparison of polymerase chain reaction technique with other methods for detection of Mycobacterium leprae in tissues of wild nine-banded armadillos. Lepr. Rev. 62, 362–373 

 Kamal, R., Dayal, R., Katoch, V. M., and Katoch, K. (2006). Analysis of gene probes and gene amplification techniques for diagnosis and monitoring of treatment in childhood leprosy. Lepr. Rev. 77, 141–146. doi: 10.47276/lr.77.2.141 

 Kampirapap, K., Singtham, N., Klatser, P. R., and Wiriyawipart, S. (1997). DNA amplification for detection of leprosy and assessment of efficacy of leprosy chemotherapy. Int. J. Lepr. Other Mycobact. Dis. 66, 16–21 

 Kang, T.-J., Kim, S.-K., Lee, S.-B., Chae, G.-T., and Kim, J.-P. (2003). Comparison of two different PCR amplification products (the 18-kDa protein gene vs. RLEP repetitive sequence) in the diagnosis of Mycobacterium leprae: PCR for diagnosis of M. leprae. Clin. Exp. Dermatol. 28, 420–424. doi: 10.1046/j.1365-2230.2003.01300.x 

 Kim, H. J., Prithiviraj, K., Groathouse, N., Brennan, P. J., and Spencer, J. S. (2013). Gene expression profile and immunological evaluation of unique hypothetical unknown proteins of Mycobacterium leprae by using quantitative real-time PCR. Clin. Vaccine Immunol. 20, 181–190. doi: 10.1128/CVI.00419-12 

 Kramme, S., Bretzel, G., Panning, M., Kawuma, J., and Drosten, C. (2004). Detection and quantification of Mycobacterium leprae in tissue samples by real-time PCR. Med. Microbiol. Immunol. 193, 189–193. doi: 10.1007/s00430-003-0188-8 

 Kundakci, N., and Erdem, C. (2019). Leprosy: a great imitator. Clin. Dermatol. 37, 200–212. doi: 10.1016/j.clindermatol.2019.01.002 

 Kurabachew, M., Wondimu, A., and Ryon, J. J. (1998). Reverse transcription-PCR detection of Mycobacterium leprae in clinical specimens. J. Clin. Microbiol. 36, 1352–1356. doi: 10.1128/JCM.36.5.1352-1356.1998 

 Kushwaha, A. K., and Bhushan, S. (2020). Unique structural features of the Mycobacterium ribosome. Prog. Biophys. Mol. Biol. 152, 15–24. doi: 10.1016/j.pbiomolbio.2019.12.001 

 Lima, L. N. G. C., Frota, C. C., Mota, R. M. S., Almeida, R. L. F., Pontes, M. A. D. A., Gonçalves, H. D. S., et al. (2015). Widespread nasal carriage of Mycobacterium lepraeamong a healthy population in a hyperendemic region of northeastern Brazil. Mem. Inst. Oswaldo Cruz 110, 898–905. doi: 10.1590/0074-02760150178 

 Lini, N., Shankernarayan, N. P., and Dharmalingam, K. (2009). Quantitative real-time PCR analysis of Mycobacterium leprae DNA and mRNA in human biopsy material from leprosy and reactional cases. J. Med. Microbiol. 58, 753–759. doi: 10.1099/jmm.0.007252-0 

 Lockwood, D. N., McIntosh, A., Armstrong, M., Checkley, A. M., Walker, S. L., and McBride, A. (2022). Diagnosing and treating leprosy in a non-endemic setting in a national Centre, London, United Kingdom 1995–2018. PLoS Negl. Trop. Dis. 16:e0010799. doi: 10.1371/journal.pntd.0010799 

 Lopes-Luz, L., Saavedra, D. P., Fogaça, M. B. T., Bührer-Sékula, S., and Stefani, M. M. D. A. (2023). Challenges and advances in serological and molecular tests to aid leprosy diagnosis. Exp. Biol. Med. (Maywood) 248, 2083–2094. doi: 10.1177/15353702231209422 

 Machado, A. S., Lyon, S., Rocha-Silva, F., Assunção, C. B., Hernandez, M. N., Jorge, D. S., et al. (2020). Novel PCR primers for improved detection of Mycobacterium leprae and diagnosis of leprosy. J. Appl. Microbiol. 128, 1814–1819. doi: 10.1111/jam.14592 

 Mahato, R. K., Ghimire, U., Lamsal, M., Bajracharya, B., Poudel, M., Napit, P., et al. (2023). Evaluating active leprosy case identification methods in six districts of Nepal. Infect. Dis. Poverty 12:111. doi: 10.1186/s40249-023-01153-5 

 Malhotra, K. P., and Husain, N. (2022). Laboratory perspectives for leprosy: diagnostic, prognostic and predictive tools. Indian J. Pathol. Microbiol. 65, S300–S309. doi: 10.4103/ijpm.ijpm_1083_21 

 Manta, F. S. N., Barbieri, R. R., Moreira, S. J. M., Santos, P. T. S., Nery, J. A. C., Duppre, N. C., et al. (2019). Quantitative PCR for leprosy diagnosis and monitoring in household contacts: a follow-up study, 2011–2018. Sci. Rep. 9:16675. doi: 10.1038/s41598-019-52640-5 

 Manta, F. S. D. N., Leal Calvo, T., Moreira, S. J. M., Marques, B. L. C., Ribeiro-Alves, M., Rosa, P. S., et al. (2020). Ultra-sensitive detection of Mycobacterium leprae: DNA extraction and PCR assays. PLoS Negl. Trop. Dis. 14:e0008325. doi: 10.1371/journal.pntd.0008325 

 Margotti, G. C., and Paiva, P. R. B.de (2021). Detecção de DNA de Mycobacterium leprae utilizando qPCR 16S rRNA. Bauru 33.


 Marques, L. É. C., Frota, C. C., Quetz, J. D. S., Bindá, A. H., Mota, R. M. S., Pontes, M. A. D. A., et al. (2018). Evaluation of 16S rRNA qPCR for detection of Mycobacterium leprae DNA in nasal secretion and skin biopsy samples from multibacillary and paucibacillary leprosy cases. Pathogens Global Health 112, 72–78. doi: 10.1080/20477724.2017.1415736 

 Martinez, A. N., Britto, C. F. P. C., Nery, J. A. C., Sampaio, E. P., Jardim, M. R., Sarno, E. N., et al. (2006). Evaluation of real-time and conventional PCR targeting complex 85 genes for detection of Mycobacterium leprae DNA in skin biopsy samples from patients diagnosed with leprosy. J. Clin. Microbiol. 44, 3154–3159. doi: 10.1128/JCM.02250-05 

 Martinez, A. N., Lahiri, R., Pittman, T. L., Scollard, D., Truman, R., Moraes, M. O., et al. (2009). Molecular determination of Mycobacterium leprae viability by use of real-time PCR. J. Clin. Microbiol. 47, 2124–2130. doi: 10.1128/JCM.00512-09 

 Martinez, A. N., Ribeiro-Alves, M., Sarno, E. N., and Moraes, M. O. (2011). Evaluation of qPCR-based assays for leprosy diagnosis directly in clinical specimens. PLoS Negl. Trop. Dis. 5:e1354. doi: 10.1371/journal.pntd.0001354 

 Martinez, A. N., Talhari, C., Moraes, M. O., and Talhari, S. (2014). PCR-based techniques for leprosy diagnosis: from the laboratory to the clinic. PLoS Negl. Trop. Dis. 8:e2655. doi: 10.1371/journal.pntd.0002655


 Martins, R. J., Carloni, M. E. O. G., Moimaz, S. A. S., Garbin, C. A. S., and Garbin, A. J. Í. (2016). Sociodemographic and epidemiological profile of leprosy patients in an endemic region in Brazil. Rev. Soc. Bras. Med. Trop. 49, 777–780. doi: 10.1590/0037-8682-0069-2016 

 Mártires, G. D. S., Lima, G. L. D. S., Gomes, D. E., Lessa, A. D. C., Souza, C. D. S. M., Ignotti, E., et al. (2024). Quality of healthcare services to reduce leprosy in Brazil: a trend analysis from 2001 to 2020. Rev. Bras. Epidemiol. 27:e240034. doi: 10.1590/1980-549720240034 

 Ministério da Saúde
. (2024). Boletim Epidemiológico de Hanseníase - Número Especial. Ministério da Saúde. Available at: https://www.gov.br/saude/pt-br/centrais-de-conteudo/publicacoes/boletins/epidemiologicos/especiais/2024/be_hansen-2024_19jan_final.pdf/view (Accessed July 24, 2024).


 Mohanty, P. S., Naaz, F., Bansal, A. K., Kumar, D., Sharma, S., Arora, M., et al. (2020). Molecular detection of Mycobacterium leprae using RLEP-PCR in post elimination era of leprosy. Mol. Biol. Res. Commun. 9, 17–22. doi: 10.22099/mbrc.2020.35658.1464 

 Mohanty, P., Naaz, F., Katara, D., Misba, L., Kumar, D., Dwivedi, D., et al. (2016). Viability of Mycobacterium leprae in the environment and its role in leprosy dissemination. Indian J. Dermatol. Venereol. Leprol. 82, 23–27. doi: 10.4103/0378-6323.168935 

 Mottaghi, K., Safari, F., Nashibi, M., and Sezari, P. (2020). Leprosy, ancient disease and modern Anaesthetic considerations. Turk. J. Anaesthesiol. Reanim. 48, 337–339. doi: 10.5152/TJAR.2020.54782 

 Nery, J. S., Ramond, A., Pescarini, J. M., Alves, A., Strina, A., Ichihara, M. Y., et al. (2019). Socioeconomic determinants of leprosy new case detection in the 100 million Brazilian cohort: a population-based linkage study. Lancet Glob. Health 7, e1226–e1236. doi: 10.1016/S2214-109X(19)30260-8 

 Organização Mundial da Saúde (2024). Leprosy - PAHO/WHO | Pan American health organization. Available at: https://www.paho.org/en/topics/leprosy (Accessed July 24, 2024)


 Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C., Mulrow, C. D., et al. (2021). The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 372:n71. doi: 10.1136/bmj.n71 

 Pathak, V. K., Sharma, A., Sharma, A., Singh, I., Kaur, M., Narang, T., et al. (2024). Diagnostic utility of multiplex polymerase chain reaction in patients of clinically suspected pure Neuritic leprosy by identifying Mycobacterium leprae in skin biopsy samples and nasal swabs. Am. J. Tropical Med. Hygiene 111, 554–559. doi: 10.4269/ajtmh.23-0777


 Paz, W. S., Ramos, R. E. S., Bezerra, L. P., Matos, D. F., Tavares, D. S., Souza, C. D. F., et al. (2023). Temporal trend, high-risk spatial and spatiotemporal clustering of leprosy indicators in Brazil: a 20-year ecological and population-based study. Trop. Med. Int. Health 28, 517–529. doi: 10.1111/tmi.13901 

 Phetsuksiri, B., Rudeeaneksin, J., Supapkul, P., Wachapong, S., Mahotarn, K., and Brennan, P. J. (2006). A simplified reverse transcriptase PCR for rapid detection of Mycobacterium leprae in skin specimens. FEMS Immunol. Med. Microbiol. 48, 319–328. doi: 10.1111/j.1574-695X.2006.00152.x 

 Prakoeswa, F. R. S., Ilhami, A. Z., Luthfia, R., Putri, A. S., Soebono, H., Husada, D., et al. (2020). Correlation analysis between household hygiene and sanitation and nutritional status and female leprosy in Gresik regency. Dermatol. Res. Pract. 2020, 4379825–4379827. doi: 10.1155/2020/4379825 

 Prakoeswa, C. R. S., Wahyuni, R., Iswahyudi, Adriaty, D., Yusuf, I., Sutjipto, , et al. (2016). Expression profile of Rab5, Rab7, tryptophan aspartate-containing coat protein, leprae lipoarabinomannan, and phenolic glycolipid-1 on the failure of the phagolysosome process in macrophages of leprosy patients as a viability marker of Mycobacterium leprae. Int. J. Mycobacteriol. 5, 155–163. doi: 10.1016/j.ijmyco.2016.02.001 

 Quan, M., Liu, L., Zhou, T., Jiang, Y., Wang, X., and Zong, Z. (2020). Leprosy in a low-incidence setting: case report relevant to metagenomic next generation sequencing applications. Wien. Klin. Wochenschr. 132, 589–592. doi: 10.1007/s00508-020-01644-7 

 Queiroz, E. J. C., Rocha, I. N.Da, Valentim, L. De A., Quaresma, T. J. C., Filho, Z. A. De S., Oliveira, S. M. S.De , et al. (2024). Epidemiological, clinical, and geographical characterization of leprosy in the county of Santarém-Pará: insights for effective control and targeted intervention. PLoS Negl. Trop. Dis. 18,:e0012063. doi: 10.1371/journal.pntd.0012063 

 Reis, E. M., Araujo, S., Lobato, J., Neves, A. F., Costa, A. V., Gonçalves, M. A., et al. (2014). Mycobacterium leprae DNA in peripheral blood may indicate a bacilli migration route and high-risk for leprosy onset. Clin. Microbiol. Infect. 20, 447–452. doi: 10.1111/1469-0691.12349 

 Romão, E. R., and Mazzoni, A. M. (2013). Perfil epidemiológico da hanseníase no município de Guarulhos, SP. Rev. Epidemiol. Control. Infect. 3, 22–27. doi: 10.17058/reci.v3i1.3344


 Rusmawardiana, R., Nursyarifah, N., Argentina, F., and Pamudji, R. (2022). Dermoscopy and clinicopathology features in diagnosing paucibacillary leprosy: case series. Int J Mycobacteriol. 11, 332–336. doi: 10.4103/ijmy.ijmy_113_22 

 Santos, G. M. C. D., Byrne, R. L., Cubas-Atienzar, A. I., and Santos, V. S. (2024). Factors associated with delayed diagnosis of leprosy in an endemic area in northeastern Brazil: a cross-sectional study. Cad. Saúde Pública 40:e00113123. doi: 10.1590/0102-311xen113123


 Santos, A. R., De MIRANDA, A. B., Sarno, E. N., Suffys, P. N., and Degrave, W. M. (1993). Use of PCR-mediated amplification of Mycobacterium leprae DNA in different types of clinical samples for the diagnosis of leprosy. J. Med. Microbiol. 39, 298–304. doi: 10.1099/00222615-39-4-298 

 Santos, V. S., de Souza, C. D. F., Martins-Filho, P. R. S., and Cuevas, L. E. (2020). Leprosy: why does it persist among us? Expert Rev. Anti-Infect. Ther. 18, 613–615. doi: 10.1080/14787210.2020.1752194 

 Santos, C. M. D. C., Pimenta, C. A. D. M., and Nobre, M. R. C. (2007). The PICO strategy for the research question construction and evidence search. Rev. Latino-Am. Enfermagem 15, 508–511. doi: 10.1590/S0104-11692007000300023 

 Sarath, I. M., Joseph, N. M., and Jamir, I. (2023). Quantitative real-time polymerase chain reaction for detection of Mycobacterium leprae DNA in tissue specimens from patients with leprosy. Am. J. Trop. Med. Hyg. 109, 345–349. doi: 10.4269/ajtmh.22-0751 

 Shampa, S. A., Roy, C. K., Begam, M., Farzana, A., Hossain, K. M., Anwar, S., et al. (2020). Diagnosis of leprosy by PCR targeting gene encoding 36 kDa antigen of Mycobacterium leprae. Bangladesh. J. Med. Microbiol. 14, 11–14. doi: 10.3329/bjmm.v14i1.57761


 Sharma, S., Dayal, R., Kamal, R., Singh, D., Patil, S. A., Kumar, N., et al. (2024). Comparative evaluation of multiplex PCR, RLEP PCR and LAMP PCR in urine, stool and blood samples for the diagnosis of pediatric leprosy - a cross-sectional study. Indian Pediatr. 61, 661–665. doi: 10.1007/s13312-024-3232-y


 Sharpe, D. (2015). Chi-square test is statistically significant: now what? Pract. Assess. Res. Eval. 20:8.


 Sil, A., and Das, A. (2022). History of leprosy in India: an overview of historic and modern contributions. Clin. Dermatol. 40, 691–699. doi: 10.1016/j.clindermatol.2022.07.004 

 Silva, M. J. A., Marinho, R. L., Dos Santos, P. A. S., Dos Santos, C. S., Ribeiro, L. R., Rodrigues, Y. C., et al. (2023). The association between CCL5/RANTES SNPs and susceptibility to HIV-1 infection: a Meta-analysis. Viruses 15:1958. doi: 10.3390/v15091958 

 Silva, A. R., Queiroz, M. F. A., Ishikawa, E. A. Y., Silvestre, M. D. P. S. A., and Xavier, M. B. (2017). Evaluation of agreement between tests for the diagnosis of leprosy. J. Brasil. Patol. Med. Lab. 53, 100–107.doi: 10.5935/1676-2444.20170014


 Silva, M. J. A., Silva, C. S., Brasil, T. P., Alves, A. K., Dos Santos, E. C., Frota, C. C., et al. (2024). An update on leprosy immunopathogenesis: systematic review. Front. Immunol. 15:1416177. doi: 10.3389/fimmu.2024.1416177 

 Singh, P., Benjak, A., Schuenemann, V. J., Herbig, A., Avanzi, C., Busso, P., et al. (2015). Insight into the evolution and origin of leprosy bacilli from the genome sequence of Mycobacterium lepromatosis. Proc. Natl. Acad. Sci. USA 112, 4459–4464. doi: 10.1073/pnas.1421504112 

 Singh, V., Turankar, R. P., and Goel, A. (2020). Real-time PCR-based quantitation of viable Mycobacterium leprae strain from clinical samples and environmental sources and its genotype in multi-case leprosy families of India. Eur. J. Clin. Microbiol. Infect. Dis. 39, 2045–2055. doi: 10.1007/s10096-020-03958-w 

 Siwakoti, S., Rai, K., Bhattarai, N. R., Agarwal, S., and Khanal, B. (2016). Evaluation of polymerase chain reaction (PCR) with slit skin smear examination (SSS) to confirm clinical diagnosis of leprosy in eastern Nepal. PLoS Negl. Trop. Dis. 10:e0005220. doi: 10.1371/journal.pntd.0005220 

 Soto, A., and Torres Muñoz, P. (2015). Leprosy diagnosis: an update on the use of molecular tools Lucrecia. Mol. Biol. 4:2. doi: 10.4172/2168-9547.1000139


 Spencer, J. S., and Brennan, P. J. (2011). The role of Mycobacterium leprae phenolic glycolipid I (PGL-I) in serodiagnosis and in the pathogenesis of leprosy. Lepr. Rev. 82, 344–357. doi: 10.47276/lr.82.4.344


 Spencer, J. S., Kim, H. J., Wheat, W. H., Chatterjee, D., Balagon, M. V., Cellona, R. V., et al. (2011). Analysis of antibody responses to Mycobacterium leprae phenolic glycolipid I, Lipoarabinomannan, and recombinant proteins to define disease subtype-specific antigenic profiles in leprosy. Clin. Vaccine Immunol. 18, 260–267. doi: 10.1128/CVI.00472-10


 Tatipally, S., Srikantam, A., and Kasetty, S. (2018). Polymerase chain reaction (PCR) as a potential point of care laboratory test for leprosy diagnosis—a systematic review. Trop. Med. Infect. Dis. 3:107. doi: 10.3390/tropicalmed3040107 

 Teske, A., Wolters, J., and Böttger, E. C. (1991). The 16S rRNA nucleotide sequence of Mycobacterium leprae: phylogenetic position and development of DNA probes. FEMS Microbiol. Lett. 80, 231–237. doi: 10.1111/j.1574-6968.1991.tb04667.x


 Torres, R. T., Fachi, M. M., Böger, B., Marson, B. M., Ferreira, V. L., Pontarolo, R., et al. (2021). Sensitivity and specificity of multibacillary and paucibacillary leprosy laboratory tests: a systematic review and meta-analysis. Diagn. Microbiol. Infect. Dis. 100:115337. doi: 10.1016/j.diagmicrobio.2021.115337 

 Truman, R. W., Andrews, P. K., Robbins, N. Y., Adams, L. B., Krahenbuhl, J. L., and Gillis, T. P. (2008). Enumeration of Mycobacterium leprae using real-time PCR. PLoS Negl. Trop. Dis. 2:e328. doi: 10.1371/journal.pntd.0000328 

 Turankar, R., Lavania, M., Singh, M., Sengupta, U., Siva Sai, K., and Jadhav, R. (2016). Presence of viable Mycobacterium leprae in environmental specimens around houses of leprosy patients. Indian J. Med. Microbiol. 34, 315–321. doi: 10.4103/0255-0857.188322


 Turankar, R. P., Pandey, S., Lavania, M., Singh, I., Nigam, A., Darlong, J., et al. (2015). Comparative evaluation of PCR amplification of RLEP, 16S rRNA, rpoT and sod a gene targets for detection of M. leprae DNA from clinical and environmental samples. Int. J. Mycobacteriol. 4, 54–59. doi: 10.1016/j.ijmyco.2014.11.062 

 Van Veen, N. H. J., Meima, A., and Richardus, J. H. (2006). The relationship between detection delay and impairment in leprosy control: a comparison of patient cohorts from Bangladesh and Ethiopia. Leprosy 77, 356–365. doi: 10.47276/lr.77.4.356 

 Wang, Y., Xiao, D., Wu, M., Qing, L., Yang, T., Xiao, P., et al. (2023). Epidemiological characteristics and factors associated with cure of leprosy in Chongqing, China, from 1949 to 2019. Am. J. Tropical Med. Hygiene 108, 165–173. doi: 10.4269/ajtmh.22-0474 

 Warka, U. L., Hatta, M., Muslich, L. T., Syamsuri, F., Hamid, F., and Sultan, A. R. (2024). Molecular identification of Mycobacterium leprae in the leprosy patients. Int. J. Mycobacteriol. 13, 288–292. doi: 10.4103/ijmy.ijmy_127_24 

 Wichitwechkarn, J., Karnjan, S., Shuntawuttisettee, S., Sornprasit, C., Kampirapap, K., and Peerapakorn, S. (1995). Detection of Mycobacterium leprae infection by PCR. J. Clin. Microbiol. 33, 45–49. doi: 10.1128/jcm.33.1.45-49.1995 

 Xiong, L., Kong, F., Yang, Y., Cheng, J., and Gilbert, G. L. (2006). Use of PCR and reverse line blot hybridization macroarray based on 16S-23S rRNA gene internal transcribed spacer sequences for rapid identification of 34 Mycobacterium species. J. Clin. Microbiol. 44, 3544–3550. doi: 10.1128/JCM.00633-06 

 Yan, W., Xing, Y., Yuan, L. C., De Yang, R., Tan, F. Y., Zhang, Y., et al. (2014). Application of RLEP real-time PCR for detection of M. leprae DNA in paraffin-embedded skin biopsy specimens for diagnosis of Paucibacillary leprosy. Am J Trop Med Hyg 90, 524–529. doi: 10.4269/ajtmh.13-0659 


Copyright
 © 2024 Silva, Brasil, Silva, Frota, Sardinha, Figueira, Neves, dos Santos, Lima, Ghisi and Lima. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-15-1497319-g005.jpg
polymeraselghain reaction

2R \ diagnostigmedicine

\ e

T < /
/' _nutleic acid atpplification tec mycobactéfium leprae

\J
N
sensitvity S speciicity

$& vosviewer
2012 2014 2006 2018





OPS/images/fmicb-15-1497319-g006.jpg
Publication Year

.
1995
_—
=
2000
=
2005
L}
_—
—
2010
-_—
—_—
2015 —
e .
o

L
2020 m— O— -
I e I
T I
— -
- .

Publication Title

W Memdrias do Instituto Oswaldo Cruz

W Frontiers in Microbiology

W Experimental Biology and Medicine

W PLoS Neglected Tropical Diseases

W Pathogens and Global Health

M International Journal of Mycobacteriology

W FEMS Microbiology Letters

W Journal of Clinical Microbiology

W Expert Review of Anti-infective Therapy

W Neurotherapeutics

W Turkish Journal of Anaesthesiology and Reanimation
M Clinics in Dermatology

W Cureus

W Mycopathologia

W PLOS Neglected Tropical Diseases

M Journal of Inflammation Research

W BMC Infectious Diseases

M Diagnostic Microbiology and Infectious Disease

M Revista da Sociedade Brasileira de Medicina Tropical
W Progress in Biophysics and Molecular Biology

M Indian Pediatrics

W Infection, Genetics and Evolution

M Indian Journal of Pathology and Microbiology

M Scientific Reports

M The American Journal of Tropical Medicine and Hygiene
B Molecular Biology Reports





OPS/images/fmicb-15-1497319-g003.jpg
‘Standard Ervor

Funnel Plot of Standard Error by Fisher's Z

00
o1
o
(o]
02
03
04
p——
2,0 5 1,0 05 00 05 1,0 15

Fisher's Z





OPS/images/fmicb-15-1497319-g004.jpg
kani@), raj

“VOSviewer

martinez, alej@ndra nobrega

moraes, .on ozorio

manta, fernandasaloum de neve

gongalves feitor dgs

frota, cristiane cutiha
2012

singhy itu

turankarfavindra p.

truman,ichard w.
adamslinda b.

lahiri, ggmanu;

moraesinilton o.

2014 2016 2018

2020





OPS/images/fmicb-15-1497319-t001.jpg
Real-time PCR-based
quantitation of viable
Mycobacterium leprae
strain from linical
samples and
environmental sources
and its genotype in multi-
case leprosy families of
India (Singh et al,, 2020)
Reverse Transcription-
PCR Detection of
Mycobacterium leprae in
Clinical Specimens
(Kurabachew et al., 1998)
Ultra-sensitive detection
of Mycobacterium leprae:
DNA extraction and PCR
‘assays (Manta et al., 2020)

Asimplified reverse
transcriptase PCR for
rapid detection of
Mycobacterium leprae in
skin specimens
(Phetsuksiri et al., 2006)
Evaluation of 165 rRNA
GPCR for detection of
Mycobacterium leprae
DNA in nasal secretion
and skin biopsy samples
from multibacillary and
paucibacillary leprosy
cases (Marques etal,
2018)

Comparative evaluation
of PCR amplification of
RLEP, 165 rRNA, rpoT
and SodA gene targets for
detection of M. leprae

DNA from clinical and

environmental samples
(Turankar et al,, 2015)

Database/Article
methodology/

Technique used

PUBMED/ Cross-
sectional study/ PCR
and RT-qPCR

PUBMED/ Case-
control study/ RT-PCR

PUBMED/ Cross-
sectional study/qPCR

PUBMED/ Cross-
sectional study/RT-PCR

PUBMED/Case-control
study/qPCR

PUBMED/Case-control
Study/PCR

Sampling/
PB Number
and MB
Number

9 MB cases
16PB cases.

29 MB cases
21PB cases

23 MB cases
24PB cases

36 MB cases
24PB cases

39 MB cases
15PB cases.

30 MB cases
30PB cases

Nature of
sample(s)/PCR

genotyping
method

Population
location

slot skin smear India
Biopsy Ethiopia
Biopsy Brazil

Slit skin smear Thailand
Biopsy Brazil
Slit skin smear India

Detection
Rate Results

PB (4/16)
MB (7/9)

PB(12/18)
MB (25/26)

PB(15/24)
MB (23/23)

PB(13/24)
MB (34/36)

PB(11/15)
MB (25/39)

PB (5/30)
MB (18/30)

JBl

Score’

(®18)

(10110)

(718)

(8/8)

(10110)

(10/10)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Comparative analysis of the leprosy detection rate regarding its clinical spectrum through PCR using the 16S rRNA gene: a scientometrics and meta-analysis



		Introduction



		Materials and methods



		Study design



		Scientometrics analyzes



		Formulation of the guiding question



		Literature search strategy and eligibility criteria



		Data extraction



		Assessment of the methodological quality of the articles and data synthesis



		Statistical analysis of the meta-analysis









		Results



		Literature search



		Characterization of included studies



		Results of meta-analysis and publication bias of data



		Scientometric analyzes









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Footnotes



		References



















OPS/images/fmicb-15-1497319-g001.jpg
Identification

Records found inthe databases

PUBMED (n=55)

SCIELO (n=2)

LILACS (n=3)

SCIENCE DIRECT (n=5)

Selection

|

Studies screened for reading (n

=65)

Duplicate, unavailable
studies, not relevant to the
object of study (n=32)

Studies selected for full reading

Deleted studies (n=20)

(n=33)
|

Complete studies assessed for
eligibility (n = 13)

Complete studies
excluded (n=7)

Inclusion

l

Studies included in qualitative
synthesis(n=6)






OPS/images/fmicb-15-1497319-g002.jpg
Meta-Analysis

L Stymame i sty -
s bapey Karsbachew et 3. 1998 Gt opsy s ase
cimes iy Morpues o131 G018 Giiatapsy o asm
—— Montaetal G020 Gieatapsy oss0 ase
Cimes iy oase aem
- et ot . 0006) i skin mesr o o
ki s Turamkar o3 019 S sk e oase ae
S Sogh etaL @020 S sk e o o
¢ i o aes
owean o2 aem

v cseh sty

o asm oo
oo ases o
o ara ose
o2 aess o
o aese oo
o aem o0
o aee o
o7 57 o
o am oo

PB Group MB Group






OPS/images/cover.jpg
’ frontiers = Frontiers in Microbiology

Comparative analysis of the
leprosy detection rate regarding
its clinical spectrum through PCR
using the 16S rRNA gene: a
scientometrics and meta-analysis












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
’ frontiers Frontiersin Microbiology






