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Abstract

Tuberculosis remains a major global public health issue, particularly among vulnerable populations
in resource-limited settings. This study evaluated a simplified DNA extraction protocol combined
with a portable quantitative Polymerase Chain Reaction (qPCR) device for on-site detection of
Mycobacterium tuberculosis DNA in low-resource environments. A total of 54 sputum samples were
collected from a remote village and a penitentiary in southern Brazil. The simplified extraction
method and qPCR were conducted directly in the field without sample transport. Among all samples,
qPCR detected three positives (5.6%), while smear microscopy identified one case (1.9%), and culture
yielded no positives. The approach demonstrated operational feasibility under field conditions,
though the small number of positive samples precluded diagnostic accuracy analysis. These findings
suggest that portable molecular diagnostics can support tuberculosis control in hard-to-reach
populations by enabling rapid, on-site screening.

Keywords: tuberculosis; DNA extraction; portable qPCR; field validation; molecular diagnostics;
point-of-care

1. Introduction

Tuberculosis remains one of the most significant global public health challenges, representing a
persistent issue in the control of infectious diseases. The COVID-19 pandemic has further intensified
these challenges, directly affecting the diagnosis and treatment of the disease. According to the Global
Tuberculosis Report 2024 by the World Health Organization (WHO), approximately 10.8 million
people developed tuberculosis in 2023, with an estimated 1.25 million deaths attributed to the disease.
Additionally, it is estimated that 2.7 million people remained undiagnosed or unreported,
exacerbating underreporting and complicating epidemiological control efforts [1].

In Brazil, according to the 2024 Tuberculosis Epidemiological Bulletin published by the Ministry
of Health, 84.308 new tuberculosis cases were reported in 2024, corresponding to an incidence rate of
39.7 cases per 100,000 inhabitants. In 2023, there were 6.025 tuberculosis-related deaths in the country,
resulting in a mortality rate of 2.8 deaths per 100,000 inhabitants [2].
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This scenario is especially alarming among vulnerable populations, such as people coinfected
with HIV, individuals in correctional facilities, and those experiencing homelessness. Living
conditions and socioeconomic factors directly influence the incidence and spread of tuberculosis
within these groups. In correctional facilities, where overcrowding and poor ventilation are common,
tuberculosis prevalence is significantly higher than in the general population. Such environments
function as institutional amplifiers of infectious diseases, including tuberculosis and HIV, facilitating
transmission due to overcrowding, poor ventilation, and limited access to healthcare services [3]. This
vulnerability is exacerbated during crisis situations, such as natural disasters, which further
compromise sanitary conditions and disrupt prevention and treatment efforts [4]. The structural
inadequacies of correctional facilities not only increase health risks for incarcerated individuals but
also pose an ongoing threat to public health, hindering tuberculosis control both inside and beyond
penitentiary settings [3,5]. In Latin America, the incidence of tuberculosis among incarcerated
individuals is up to 26 times higher than in the general population [5].

In addition to technical limitations, access to diagnosis is hindered by logistical barriers, such as
geographic location and transportation and infrastructure challenges in hard-to-reach areas [6]. These
barriers are particularly impactful in isolated populations, such as those on islands, in remote areas,
or in penitentiaries. Thus, there is an urgent need to improve access to, as well as increase the quality
of, diagnostic methods, particularly in resource-limited regions.

In recent years, our group has focused on developing and validating simplified DNA extraction
protocols from complex matrices, such as sputum or skin biopsies, that can be used in low-resource
settings [7,8]. We have shown that the DNA obtained by these protocols allows, under laboratory
conditions, for the identification of genomic markers of pathogenic organisms such as Mycobacterium
tuberculosis or Mycobacterium leprae, helping in the diagnosis of tuberculosis and leprosy, respectively
[8,9]. Interestingly, despite belonging to the same phylogenetic genus, we have found that the matrix
of the sample exerts a bigger influence on the simplified DNA extraction protocol of the bacilli
Mycobacterium tuberculosis and Mycobacterium leprae: Sputum is better liquified using thiocyanate
salts, while skin is better liquified using urea as chaotropic salts.

Despite the recognized impact of tuberculosis on vulnerable and hard-to-reach populations,
access to rapid and reliable molecular testing remains extremely limited in these settings. Unlike
established portable molecular platforms like GeneXpert Ultra and Truenat, which rely on
proprietary cartridges and cold-chain storage, our simplified DNA extraction protocol, combined
with a portable quantitative Polymerase Chain Reaction (qPCR) device, operates with minimal
equipment and reduced cost. This configuration reduces overall costs, eliminates reliance on
specialized consumables, and allows molecular testing to be performed in settings without
conventional laboratory infrastructure. In the present study, we sought to validate the simplified
protocol, coupled with a portable qPCR instrument, in its intended setting, namely, low-resource and
hard-to-reach environments, including an incarceration facility. Our main aim is to show that the
simplified platform is suitable for performing active searches in specific areas, helping health officials
to tackle outbreaks in specific situations by screening the local population using a molecular
diagnostic test.

2. Results

This The human marker 185 rRNA was detected within an acceptable range in all samples,
indicating the successful performance of the DNA extraction protocol, as well as the qPCR setup, in
both low-infrastructure locations. Of the 48 samples collected at the Venancio Aires State Penitentiary
(PEVA), 3 were positive for M. tuberculosis DNA. Only 1 of them was also positive in sputum smear
microscopy, and none presented a positive culture in the confirmatory test. Because no culture-
positive samples were obtained, this study did not aim to estimate sensitivity or other diagnostic
performance parameters. Instead, the results demonstrate the feasibility and operational applicability
of performing portable qPCR-based screening for M. tuberculosis directly in the field. The mean cycle
threshold (Ct) value for IS6110 amplification among the three qPCR-positive samples was 36.2 + 3.4,
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while the internal control 185 rRNA amplified consistently with Ct values of 19.4 + 2.5, confirming
both DNA integrity and successful reaction performance.

To better illustrate distribution of results across methods, we summarized the results obtained
with gPCR, smear microscopy, and culture (Table 1). Among the 54 sputum samples analyzed, qPCR
identified three positives (5.6%), while smear microscopy confirmed only one case (1.9%), and culture
yielded no positive results. In five participants, confirmatory testing by smear microscopy and
culture could not be performed due to insufficient sample collection on the following day.

The absence of culture-positive results represents an important limitation of this study, as it
prevented the use of a reliable microbiological gold standard and precluded the estimation of
sensitivity and specificity. Consequently, the findings should be interpreted strictly as a feasibility
demonstration rather than as a diagnostic performance assessment.

Table 1.

Test method Positive Negative
qPCR 3 51
Smear 1 48

Culture 0 49

presented in Figure 1.

Penitentiary
(48)

Participants
(54)

Smear
(1)

qPCR+
(3)

gPCR-
(45)

Island
6)

gPCR-
(6)

The flow of participants, from recruitment to diagnostic testing and inclusion in the analyses, is

Figure 1. Flowchart of study participants by site, index test quantitative Polymerase Chain Reaction (qPCR)

result, and smear microscopy confirmation.

No indeterminate or invalid results were observed in either the qPCR or the reference standard
tests. All samples produced valid and analyzable results. The agreement between qPCR and smear
microscopy was moderate, with a Cohen's Kappa coefficient of 0.484 (IC 95%: 0,24-0,73; z=3.91, p =
0.00009), indicating statistically significant agreement beyond chance.

Five of the 48 participants did not undergo sputum smear microscopy because they were unable
to produce a sufficient sputum sample on the following day for confirmatory testing. These cases
were excluded from the agreement analysis. All JPCR results were complete and valid, and no
indeterminate or invalid results were observed for either the index or reference tests.

Figure 2 presents representative amplification curves for positive and negative samples. The
green curves represent amplification of the human 185 rRNA gene, while the blue curves indicate
amplification of the genomic marker 1S6110, specific for M. tuberculosis. The observed Ct values for
the 156110 and 18S rRNA targets were consistent with the mean values reported above. To validate
the reactions, both controls (synthetic DNA containing the 156110 oligonucleotide sequences and
extracted human DNA) were added to one of the six wells of each chip. Therefore, successful
amplification of the green (18S rRNA) and blue (IS6110) curves in this control well is expected in all
valid chips. In negative samples, such as GUA006, no amplification of IS6110 is observed in the
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clinical sample wells. However, the control well shows successful amplification for both targets:
IS6110 (GUAO06 panel, line B; Ct 28.2) and 18S rRNA (GUAO006 panel, line C; Ct 26.1), confirming the
validity of the reaction. Additionally, the internal control for human DNA in the sample wells (green,
lines A, Ct 22.4 + 0.18) confirms adequate nucleic acid extraction. In positive samples, such as
PEVA048, amplification of the IS6110 target is observed in the clinical sample wells (blue, lines D; Ct
34.7+4.11), indicating the presence of M. tuberculosis DNA. The internal control (green, line A; Ct 18.69
+ 0.22) confirms sample integrity. The control well also amplified both targets (156110, line B; Ct 22.5
and 185 rRNA, line C; Ct 23.0), validating the chip and confirming overall reaction performance.

No adverse events were observed or reported because of performing the qPCR (index test) or
the reference standard tests (smear microscopy and culture).
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Figure 2. Flowchart Representative qPCR amplification curves for the detection of the M. tuberculosis 156110
genomic marker and the human housekeeping gene 185 rRNA in clinical samples. Amplification plots are shown
for four clinical samples (GUA006, PEVAQ00S, PEVA034, and PEVAQ48). Each curve corresponds to a specific
target: (A) human 185 rRNA (green curve, internal control); (B) synthetic IS6110 control (blue curve, added to
the specific reaction well); (C) 185 rRNA positive control (green curve, extracted human DNA); and (D) 156110
from the clinical sample (blue curve). PEVA048 shows amplification for the bacterial target (line D), as well as
for all control targets (A-C), indicating a positive result. In contrast, samples such as GUA006 show only control

amplifications (A—C), with no amplification in line D, indicating a negative result.

3. Discussion

The application of a simplified DNA extraction protocol, followed by the use of a portable qPCR
instrument in two challenging environments outside laboratory settings, proved effective for
detecting M. tuberculosis DNA in 3 out of 54 collected sputum samples. These results highlight the
feasibility of this procedure under challenging conditions, suggesting that this approach might
contribute significantly to tuberculosis detection in high-risk populations and to assist in controlling
the disease in remote and confined locations.

Compared to existing portable molecular platforms such as GeneXpert Ultra and Truenat, which
rely on proprietary cartridges, specialized consumables, and strict cold-chain storage, our simplified
protocol requires only basic rea-gents and minimal equipment. This reduces both logistical
complexity and operational costs, while maintaining analytical reliability. Moreover, the method can
be executed by personnel with basic technical training, further enhancing its applicability in field
conditions where laboratory infrastructure and specialized expertise are limited.

The demographic and clinical data presented in Table 1 provide a deeper understanding of some
of the participants' characteristics, emphasizing factors that may influence the prevalence and
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transmission of tuberculosis (TB) within penitentiary settings. The presence of TB-related symptoms
in 25% of participants and the high prevalence of smoking (40%) reflect the respiratory vulnerability
of this population and reinforce the need for accessible diagnostic strategies. These findings also
illustrate how tuberculosis can often be mistaken for other conditions, such as colds, influenza,
allergies, or even the consequences of smoking, leading to delayed recognition and underdiagnosis,
particularly in high-risk environments. Smoking is a well-documented risk factor for the
development and progression of TB, as it compromises pulmonary health and increases susceptibility
to respiratory infections. which, combined with overcrowded and poorly ventilated conditions,
underscores the relevance of deploying portable diagnostic tools for early case detection. Therefore,
rather than exploring behavioral determinants in depth, this study focuses on demonstrating the
operational feasibility of implementing on-site molecular testing in such high-risk environments.

Overcrowding, limited ventilation, and close contact among incarcerated individuals create
conditions that facilitate the spread of various microorganisms, including M. tuberculosis.
Correctional facilities are recognized as propitious environments for the transmission of tuberculosis,
characterized by overcrowded and poorly ventilated spaces and a high turnover of inmates, which
perpetuates the introduction and spread of infectious diseases. Global studies indicate a higher
incidence of TB among incarcerated populations compared to the general population, highlighting
the importance of active case finding and early diagnosis in such settings [15,16].

Molecular biology-based methods, such as PCR, offer significant advantages over traditional
methods like sputum smear microscopy and culture. Its higher sensitivity enables the detection of
DNA fragments from the bacillus, even in cases of low bacterial load or latent infections. This also
explains the positive results observed, even when not con-firmed by other techniques. PCR can detect
not only active infections but also latent cases or residual DNA fragments in samples where viable
bacilli are insufficient for culture [17]. This occurs because PCR detects DNA, rather than live
microorganisms, which can yield positive results even in patients who have eradicated the infection
but still retain the pathogen’s DNA in their bodies. Positive PCR results can reflect either an active
infection or a history of tuberculosis, necessitating caution in interpreting these data and highlighting
the importance of clinical evaluation for case confirmation [18].

The moderate agreement observed between qPCR and smear microscopy reflects the intrinsic
differences between these diagnostic methods. While smear microscopy relies on the direct
visualization of bacilli and is limited by bacteria-al load and operator expertise, qPCR can detect
minimal amounts of M. tuberculosis DNA, including in paucibacillary or early-stage cases. This
supports the interpretation that these methods are complementary, not interchangeable, and
reinforces the importance of integrating molecular results with clinical evaluation and, when feasible,
additional di-agnostic tools to ensure accurate diagnosis. Nevertheless, the moderate level of
agreement (Kappa = 0.48) should be interpreted with caution, as the very small number of positive
samples limits the statistical robustness of this estimate and may lead to wide confidence intervals.
Therefore, these findings should be viewed as preliminary and supportive of feasibility rather than
as definitive evidence of diagnostic concordance.

The simplified DNA extraction protocol, followed by a portable qPCR assay, has proven
advantageous for field applications, offering convenience and portability, which are key factors for
on-site screening. [7,9] This approach avoids the need to transport samples to distant laboratories,
facilitates rapid diagnostics, and supports timely clinical decision-making in resource-limited
settings. Portability eliminates the need to transport samples to distant laboratories, which is
particularly critical in hard-to-reach areas, where logistical transport is complex and time-consuming.
Performing tests on-site also reduces the risk of sample degradation or contamination. The portable
qPCR provides results within a few hours, enabling rapid clinical decisions and, consequently,
reducing the window of disease trans-mission. Its high sensitivity also effectively detects bacterial
DNA in samples with low bacterial load, which is crucial in overcrowded settings, such as
correctional facilities, where the risk of tuberculosis transmission is elevated. Additionally, early
diagnosis strategies, particularly in penitentiary settings, have been shown to significantly increase
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tuberculosis case notifications and contribute to better disease control among people deprived of
liberty [19].

Despite these benefits, the use of portable gPCR still faces significant challenges. The need for
trained operators and the relatively high cost of reagents and equipment remain major obstacles in
regions with limited financial and human resources potentially restricting the widespread use of this
technology.

Study limitations must be acknowledged. The small number of positive TB cases (n = 3) limits
the statistical power to conclusions about diagnostic accuracy or subgroup performance. These
findings should thus be interpreted within the context of a proof-of-concept feasibility study,
designed to demonstrate operational applicability in challenging field conditions rather than to
provide robust accuracy metrics. Additionally, the study was conducted in two specific and
controlled environments (a remote village and a penitentiary), which may limit the generalizability
of the findings to other populations or settings. Although procedures were standardized and
anonymized, the absence of a formal clinical follow-up may introduce uncertainty regarding the final
diagnostic status of the participants. Although blinding procedures were rigorously applied, field
operators necessarily knew that participants were recruited based on symptoms or cell-sharing,
which may introduce residual expectation bias despite not having access to individual clinical details.
Moreover, the implementation of portable qPCR in the field is still challenged by the relatively high
cost of reagents and equipment, as well as the need for operators with at least basic technical training
to correctly handle the device and interpret results. These barriers may hinder broader adoption in
low-resource settings. Finally, while qPCR offers high sensitivity, interpreting positive results
without clinical correlation can lead to potential overdiagnosis, especially in cases of latent or past
infection. Furthermore, the absence of culture-confirmed cases in our sample precludes any inference
about true sensitivity and reinforces that our findings should be interpreted primarily as evidence of
feasibility rather than diagnostic accuracy.

4. Methods

This study was designed as a prospective, cross-sectional diagnostic feasibility study conducted
under field conditions to evaluate the analytical performance and real-world applicability of a
simplified DNA extraction protocol coupled with portable qPCR for the detection of Mycobacterium
tuberculosis in low-resource and hard-to-reach environments. Sample processing was carried out
entirely outside conventional laboratory infrastructure to assess its operational feasibility in true field
conditions.

4.1. Samples

A total of 54 samples were analyzed, including both symptomatic individuals and asymptomatic
close contacts, collected in two distinct low-resource environments. The first location was the remote
village of Tagacaba, in the municipality of Guaraquegaba, state of Parana (south of Brazil). Six
samples were collected at the patients” houses by a health agent. They were immediately processed
at the local health post, situated in the same remote village just a few meters away. Guaraquegaba is
located inside a preservation area, and the only way to reach it is by using 4x4 off-road vehicles or by
boat. During stormy days, the municipality’s connection to the main city of Paranagua across the bay
is cut off. The remote village of Tagacaba is located a further 90-minute drive from Guaraquegaba
city center, through roads that close during rainy days (Figure 3).

The second location was the State Penitentiary of Venancio Aires (PEVA), located in the
municipality of Venancio Aires, state of Rio Grande do Sul (south of Brazil). Forty-eight samples were
collected from all individuals in four cells, each housing 12 inmates. At PEVA, both symptomatic and
asympto-matic individuals were sampled so that we could also evaluate the close contacts of any
possible positive patient. The demographic characteristics of the participants from both collection
sites — the remote village of Tagagaba and the State Penitentiary of Venancio Aires (PEVA) — are
summarized in Table 2.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. An example of a hard-to-reach area targeted by this study. Shown is a partial map of the coastal region

of the state of Parana, south of Brazil (see insert). The cities of Paranagua and Guaraquecaba, as well as the

village of Tagagaba, are highlighted. Dotted lines indicate transportation routes, either by boat (black) or by a

non-asphalted road (red). Crossing between Paranagua and Guaraquegaba takes between 1 and 3 hours,

depending on the boat and sea conditions. Accessing Tagagaba by boat from Guaraquecaba depends on the tides

and by land depends on road conditions. (Image created with QGIS open software).

Table 2. The Demographic and clinical characteristics of study participants (n = 54).

Variable Category n (%)
Age (years) Mean (min. — max.) 30 (19-66)
Weight (kg) Mean (min. — max.) 75 (53-105)
Height (m) Mean (min. — max.) 1,72 (1,52-1,89)

Female 3 (5%)

Gender 4 Male 51 (95%)

Remote village 6 (11%)

Collection site Penitentiary 48 (89%)

White 38 (70%)

Ethnicity Mlgilrj:lal 11 (20%)

A 5 (10%)

Yes 11 (20%)

Previous tuberculosis No 43 (80%)
Yes 5 (10%)

HIY No 49 (90%)
Neoplasia/Cancer Yes 3 (5%)

No 51 (95%)

Yes 22 (40%)

Smoking No 32 (60%)
Positive 1 (2%)

Sputum smear test Negative 48 (88%)
Not performed 5 (10%)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Yes 13 (25%)
No 41 (75%)

! Participants were recruited from two sites: the State Penitentiary of Venancio Aires (n = 48) and the remote

TB clinical symptoms

village of Tagagaba, located on an island in the Guaraque¢aba municipality (n = 6). Values are presented as
means, minimums, and maximums for continuous variables, and as absolute and relative frequencies for

categorical variables may have a footer.

Sample collection and processing were carried out on two separate field trips: one to the remote
village of Taga-caba in July 2023, and another to the State Penitentiary of Venancio Aires (PEVA) in
March 2024.

No formal sample size calculation was performed. The number of samples was determined by
logistical feasibility and accessibility to field sites during the study period, considering the limitations
imposed by infrastructure, transportation, and the availability of local services. This study was
therefore conceived as an exploratory, proof-of-concept field validation, with the primary aim of
assessing feasibility rather than establishing definitive diagnostic accuracy estimates.

After 24 hours of the first sample collection, a second sputum collection was performed for all
study participants for confirmatory testing using the routine services of the health system.
Bacilloscopy was performed using the Ziehl-Neelsen method, while culture was performed in
Léwnestein-Jensen medium after treatment with sodium lauryl sulfate, according to the Brazilian
National Manual for the Laboratory Surveillance of Tuberculosis and other Mycobacteria [10].

All study procedures were conducted independently. The team responsible for obtaining
informed consent was not involved in sample processing or qPCR analysis. The qPCR operators did
not have access to participants' clinical information or the results of the reference standard tests.
Likewise, the professionals who performed smear microscopy and culture at the routine health
facilities were blinded to the index test results. All samples were anonymized using numeric codes,
and participant identities were not disclosed to laboratory personnel at any stage of the study. Field
operators were aware of the site allocation since the tests were performed directly in the field, and
that participant selection was based on the presence of respiratory symptoms or, in the penitentiary,
on cell-sharing with symptomatic individuals. Field operators did not have access to individual
clinical details or to information indicating which samples belonged to symptomatic or contact
participants. To avoid contamination and sample mix-up, each specimen was handled individually,
rigorously labeled, and processed using strict identification procedures, preventing any possibility
of tube or container interchange.

The study was registered in the Brazilian Registry of Clinical Trials, under the number RBR-
288qb6h.

4.2. Simplified DNA Extraction

The simplified protocol was performed as previously described [7,9]. A minimum sputum
volume of 250 uL was re-quired to proceed with the DNA extraction. Briefly, the method consists of
adding a denaturing solution and proteinase K (1 pg/uL) to the sputum, vigorously vortexing at
maximum speed, and subsequently applying this mixture onto an FTA Micro Elute card
(Whatman®). The cards were left to dry out at room temperature for 60-90 minutes. Next, a 6-mm
punch was made using a paper punch, which was collected in a 1.5 mL tube. DNA was eluted from
the filter paper by adding TE pH 8.0, vertexing, and incubating at 95°C for 5 minutes. The tube was
spun at maximum speed for 3 seconds to pellet the paper punch and filter fibers, providing a cleaner
supernatant. Aliquots of the supernatant were collected and immediately used for downstream
quantitative PCR (qPCR).

4.3 gPCR

Detection of the IS6110 genomic marker of M. tuberculosis was performed as previously
described [7,9]. Since this is a field study, the qPCR was performed in the lightweight and portable
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Q3-plus instrument, which uses a 6-reaction silicon chip to thermocycle and execute fluorescence-
based reactions [11,12].

Duplex reactions were performed using the commercial PCR mixture GoTaq Probe qPCR Master
Mix (2X) (Promega®, USA) to detect a bacterial and a human target as a reaction control, ensuring
the presence of sample DNA. Oligonucleotides for detection of the M. tuberculosis genomic marker
IS6110 were obtained commercially in the Taqman Oligomix format (forward 5'-
CAGGACCACGATCGCTGAT-3, reverse 5-TGCTGGTGGTCCGAA-3’, and the probe 5 FAM-
TCCCGCCGATCTCG- HQI-3"). Specific oligonucleotides for the detection of the human internal
control gene 185 rRNA were wused, at 02 uM for the forward (18SF 5
AAACTGCGAATGGCTCATTAAATCA 3’) and reverse 9185R 5 CCCGTCGGCATGTATTAGCTCT
3’) primers and 0.1 uM for the probe (5 HEX- TGGTTCCTTT-GGTCGCTCGCTCC-BHQ1 3') [13,14].
The final reaction volume in the Q3-Plus portable equipment was 5 pL, of which 2 pL was DNA.
Cycling conditions were as follows: 95°C/80 sec and 40 x (95°C/15 sec + 60°C/1 min). Baseline and
threshold were automatically generated by the software. Since the protocol was performed under
field conditions and its reproducibility was previously evaluated under laboratory conditions, a
single DNA extraction was performed per sample. However, all qPCR reactions were run in duplicate
to confirm result reproducibility.

Optical parameters for the FAM channel were defined as an exposure time of 1 second, an LED
power of 3, and an analog gain of 15, while for the VIC/HEX channel, the parameters were 2 seconds
of exposure time, an LED power of 10, and an analog gain of 15.

The DNA extraction protocol followed by portable qPCR used in this study was previously
validated under laboratory conditions [7] while the chip gelification process was described by Costa
et al. [15]. Both were adapted for use under field conditions in the present study. A separate full study
protocol was not registered or made publicly available.

The test positivity cut-off for the index test was pre-specified and defined as any detectable
amplification signal for the IS6110 target, in accordance with previously validated protocols. No
additional Ct cut-off was applied in this field validation because prior laboratory-based validations
of this protocol demonstrated high specificity with the ‘any amplification’ criterion. Introducing an
arbitrary Ct threshold under field conditions could have increased the risk of false negatives by
excluding true low-level signals. Importantly, because this assay was applied as a screening tool, any
detectable amplification is intended to indicate the need for further diagnostic investigation rather
than to serve as a standalone diagnosis. Final case confirmation requires integration with additional
microbiological testing and clinical assessment. Nonetheless, we acknowledge that late amplification
and background noise may contribute to diagnostic ambiguity, and future larger studies should
explore the definition of optimized Ct cut-offs for field use.

No changes to the predefined outcome measures were made after the study began. The primary
outcome — detection of M. tuberculosis DNA via qQPCR — was maintained throughout the study.

In preparation for use in low infrastructure settings, qPCR reagents were pre-loaded onto the
Q3-Plus chips and subjected to a gelification process, which renders the qPCR mixture stable at
refrigerator temperatures (2 to 8 °C) instead of freezer temperatures (-15 to -30 °C) for at least 3
months without losing significant efficiency [12,13]. In brief, the gelification process substitutes excess
water of the qPCR reaction with a gelification mixture consisting of sugars and ly-sine. This mixture
is then subjected to vacuum cycles at 30 °C, evaporating the remaining water of the mix, effectively
forming a protective matrix around the enzymes and oligonucleotides, allowing them to be stored in
refrigerators [13]. Although the study describing the gelification process did not provide specific
reagent pricing, it estimated that eliminating the requirement for cold-chain storage could reduce
overall qPCR operational costs by approximately 20%. This cost reduction reflects savings in reagent
transport, storage, and energy demands, which are particularly relevant for feasibility in resource-
limited environments [12].

4.4. Statistics

Descriptive statistics were used to summarize demographic and clinical data, including
frequencies, percentages, means, and standard deviations. Cycle threshold (Ct) values were reported
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as mean * standard deviation. To assess the agreement between molecular and conventional
diagnostic methods, Cohen’s Kappa coefficient and its 95% confidence interval were calculated for
qPCR and smear microscopy results. Given the small number of positive samples, 95% confidence
intervals were computed using a normal approximation, and the limited precision of these estimates
is acknowledged. Due to the absence of favorable results in culture-based testing, Cohen’s Kappa
could not be calculated for comparison with culture. All analyses were performed using R (version
4.3.2) and the irr package, with a significance threshold set at p <0.05.

5. Conclusions

Implementing portable qPCR assays for tuberculosis control in hard-to-reach areas shows
considerable potential. Despite challenges related to cost and the minimal infrastructure required,
the possibility of conducting rapid and sensitive tests directly in the field may provide a more
effective approach to managing tuberculosis in vulnerable populations. Beyond remote settings, this
platform could also be adapted to semi-urban or high-density environments, pro-vided that minimal
biosafety and training requirements are met. However, scaling up its use in high-burden regions
would require careful integration with existing diagnostic networks, cost optimization, and
sustainable supply chains. Also, beyond tuberculosis, the platform is being validated in field
conditions to help diagnose leprosy and malaria (unpublished results).

It is important to emphasize, however, that qPCR detects genetic material and not necessarily
viable bacilli. Therefore, positive results should be interpreted with caution and always correlated
with clinical and epidemiological data to distinguish active infection from residual DNA or past
disease.

This strategy could therefore contribute to a more agile and efficient public health response,
especially when ac-companied by confirmatory testing and medical assessment to ensure diagnostic
reliability and appropriate interventions. Ultimately, the portability of the procedure may facilitate
the identification of additional individuals positive for TB, helping to reduce community
transmission and alleviate the disease burden on society.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Table S1: Summary and de-identified data for participants with positive qPCR
results. Cycle threshold (Ct) values for the 185 and IS6110 targets are presented, as well as basic demographic
and clinical variables: age, weight, height, sex, collection site, ethnicity, prior history of tuberculosis, HIV status,
presence of neoplasia/cancer, smoking status, smear microscopy results, and presence of clinical symptoms of
tuberculosis. These data are included to promote transparency and reproducibility of results. STARD and
CONSORT checklists are also provided.
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