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Abstract 

Tuberculosis (TB) is one of the leading causes of morbidity and mortality from an infectious 

agent worldwide. Portugal, a medium-incidence country, has consistently seen TB 

notification rates decline for the last two decades. However, two municipalities in Northern 

Portugal are considered TB high-incidence areas, with close to fourfold the national rate. 

On their borders, a mining community is present along the Tâmega River. This area is 

noteworthy in the Portuguese TB epidemiological context due to the presence of a 

significant share of the country’s quarry workers. Their higher risk is mainly due to silicosis 

and exposure to silica, but other common risk factors may occur. 

Aligned with the End TB Strategy, a strategy consisting of annual TB disease and infection 

screening directed to Penafiel and Marco de Canaveses quarry workers was implemented 

in 2018 by the local Public Health units and the regional and national TB Program teams. 

This thesis aimed to measure the effect of that strategy. 

IGRA was used as a more cost-effective strategy for TB infection screening. Through 

molecular epidemiology, active transmission of TB was documented, with several outbreaks 

between quarry workers occurring simultaneously. Among 997 workers screened during a 

four-year period, with an average of 2.06 screenings per worker, three cases of TB disease 

were diagnosed, and a prevalence of TB infection of 19.8% was found. Radiological findings 

compatible with silicosis were identified in 25% of workers. The overall rate of TB infection 

was 3.2 per 100 person-year, with silicosis, diabetes, and older age being significant risk 

factors for TB infection. From 2018 to 2022, the annual rate of infection decreased in the 

group of quarry workers regularly screened for TB; the decline was about three times larger 

than the one observed in the TB notification rate observed in the Penafiel and Marco de 

Canaveses communities. The economic evaluation of the screening program suggested 

that it cost less than the monetary benefit return in the perspective of society; companies 

and workers saved most of the predicted costs of inaction. 

The results support the effectiveness and cost-effectiveness of regular TB screening in 

quarry workers from high-incidence areas in reducing their overall risk of infection. Although 

screening directed at vulnerable groups is a mandatory strategy to eliminate TB and 

contributed to the faster decrease in the rate of infection among quarry workers, the burden 

of TB in communities where ongoing active transmission occurs can continuously put most 

vulnerable groups at risk if no other community measures are implemented. Genotyping all 

Mycobacterium tuberculosis strains in the communities, together with public health 

authorities’ routine epidemiological investigations, could reduce active transmission. The 

screening strategy directed at quarry workers, which consists of a symptom questionnaire, 

chest-X ray, and IGRA, should be maintained and aligned with the End TB strategy. 
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Furthermore, the systematic TB infection screening for patients with silicosis should be 

ensured independently of their working status. The development of innovative technologies 

to address TB infection, specifically tests that are better predictors of progression to TB, 

could increase the screening effectiveness and decrease overall and National Health 

Service-related costs. Ending silicosis, a preventable and highly disabling condition, would 

contribute to achieving End TB. Finally, gathering a high-risk group’s TB screening strategy 

with an enhanced case detection strategy in high-incidence communities could lead the way 

to control (or eliminate) TB. 
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Resumo 
 

A tuberculose (TB) é uma das principais causas de morbimortalidade por agente infecioso 

em todo o mundo. Portugal é considerado um país de média incidência, onde o declínio da 

incidência tem diminuído consistentemente nas últimas décadas. No entanto, dois 

municípios do Norte de Portugal são considerados áreas de elevada incidência de TB, com 

cerca de quatro vezes a taxa de notificação nacional. Na fronteira entre ambos existem 

freguesias, nas margens do rio Tâmega, onde a indústria de extração e transformação da 

pedra representa uma importante atividade económica. Os trabalhadores das pedreiras 

são importantes no contexto epidemiológico português da TB, sobretudo nesta área onde 

existem em grande número. O seu maior risco deve-se principalmente à silicose e à 

exposição à sílica, mas podem ocorrer outros fatores de risco comuns. 

Alinhada com a Estratégia End TB, as Unidades de Saúde Pública e as equipas regional e 

nacional do Programa Nacional para a Tuberculose implementaram em 2018 uma 

estratégia de rastreio de TB doença e infeção dirigida a trabalhadores da indústria da pedra 

de Penafiel e Marco de Canaveses. Esta tese teve como objetivo medir o efeito dessa 

estratégia. 

Para o rastreio de TB infeção, foi utilizada uma estratégia que consiste na realização de 

um teste IGRA, que foi a mais custo-efetiva. Através da epidemiologia molecular, foi 

documentada transmissão ativa de TB, com vários surtos simultâneos entre trabalhadores 

da indústria da pedra. Foram rastreados 997 trabalhadores durante um período de quatro 

anos, com uma média de 2,06 rastreios por trabalhador; foram diagnosticados três casos 

de TB doença e foi encontrada uma prevalência de TB infeção de 19,8%. Foram 

encontradas evidências radiológicas compatíveis com silicose em 25% dos trabalhadores. 

A taxa de infeção foi de 3,2 por 100 pessoas-ano, tendo a silicose, diabetes e idade 

avançada sido identificados como fatores de risco significativos para TB infeção. De 2018 

a 2022, a taxa anual de infeção diminuiu no grupo de trabalhadores regularmente 

rastreados para TB; esta diminuição foi cerca de três vezes superior à observada na taxa 

de notificação de TB em Penafiel e Marco de Canaveses. A avaliação económica do 

programa de rastreio sugeriu que este custou menos do que o retorno monetário obtido 

pela prevenção de casos de TB doença na perspetiva da sociedade; as empresas e os 

trabalhadores pouparam a maior parte dos custos previstos de inação. 

Os resultados desta tese apoiam a efetividade e custo-efetividade do rastreio regular de 

TB em trabalhadores da indústria da pedra em áreas de elevada incidência. Embora o 

rastreio dirigido a grupos vulneráveis seja considerado uma estratégia fundamental para 
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eliminar a TB e tenha contribuído para a diminuição mais rápida da taxa de infeção entre 

os trabalhadores da indústria da pedra, a carga de TB nas comunidades onde ocorre 

transmissão ativa pode colocar os grupos mais vulneráveis continuamente em risco, se 

não forem implementadas outras medidas. A genotipagem de todas as estirpes de 

Mycobacterium tuberculosis isoladas na área de alta incidência, juntamente com a 

investigação epidemiológica realizada por rotina pelas autoridades de saúde, poderia 

reduzir a transmissão ativa. A estratégia de rastreio composta por questionário de sintomas, 

radiografia de tórax e IGRA deve ser mantida, alinhada com a estratégia End TB. Além 

disso, o rastreio sistemático de TB infeção em pessoas com silicose deve ser garantido, 

quer estejam a trabalhar ou não. O desenvolvimento de tecnologias inovadoras para 

abordar a TB infeção, especificamente testes que sejam melhores indicadores da 

progressão para TB doença, poderia aumentar a efetividade do rastreio e diminuir os custos 

totais e especialmente os custos suportados pelo Serviço Nacional de Saúde. Eliminar a 

silicose, uma doença evitável e altamente incapacitante, contribuiria também para eliminar 

a TB. Em conclusão, garantir o rastreio de TB aos grupos de risco identificados e aumentar 

a deteção precoce de casos infeciosos nas comunidades de elevada incidência poderá 

contribuir para o controlo (ou eliminação) da TB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

1. Introduction 
1.1 End TB strategy 

In the scope of the transition from the 2015 Millennium Development Goals to the 

Sustainable Development Goals (SDG) for 2030, the world community launched a 

dramatically accelerated fight against tuberculosis (TB) at the 2014 World Health Assembly 

(World Health Organization, 2015d). “Ending the TB epidemic” was set as a target within 

the health-related SDG 3 by the United Nations General Assembly in September 2015 

(World Health Organization, 2015b). The World Health Organization’s (WHO) End TB 

Strategy, aligned with the United Nations SDG, emphasised the role of communities and 

civil society in ending the TB epidemic (World Health Organization, 2023b). 

The End TB Strategy was based on three pillars: 1) integrated, patient-centred care and 

prevention; 2) bold policies and supportive systems; and 3) intensified research and 

innovation (World Health Organization, 2015b). 

The first pillar implies early diagnosis of TB, including universal drug-susceptibility testing 

and systematic screening of contacts and high-risk groups; treatment of all people with TB, 

including drug-resistant TB and patient support; collaborative TB/HIV activities and 

management of co-morbidities; and preventive treatment of persons at high risk and 

vaccination against TB (World Health Organization, 2015b). 

The second requires political commitment with adequate resources for TB care and 

prevention; engagement of communities, civil society organisations, and public and private 

care providers; universal health coverage policy, and regulatory frameworks for case 

notification, vital registration, quality and rational use of medicines, and infection control; 

social protection, poverty alleviation and actions on other determinants of TB (World Health 

Organization, 2015b). 

The final one can be realised through discovery, development, and rapid uptake of new 

tools, interventions, and strategies, as well as by researching ways to optimise 

implementation and impact while promoting innovations (World Health Organization, 

2015b). 

These pillars were built upon four fundamental principles to be respected by all countries 

adopting the Strategy: 1) government stewardship and accountability, with monitoring and 

evaluation; 2) building a strong coalition with civil society and communities; 3) protecting 

and promoting human rights, ethics, and equity; and 4) adapting the strategy and targets at 

country level, with global collaboration (World Health Organization, 2015b). 

Strategy targets and milestones were defined based on projections of what could be 

achieved in two phases. Key elements of the first phase (2016-2025) included optimum use 
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of existing interventions, achievement of universal health coverage for essential prevention, 

treatment, and care interventions, and efforts to address the social determinants and 

consequences of TB. The second phase (2026-2035) will also require the availability and 

wide use of new tools, including vaccines, point-of-care diagnostic tests for infection and 

disease, and shorter treatment regimens for TB disease and TB infection (World Health 

Organization, 2015b). 

For 2035, a 95% reduction in TB deaths and a 90% reduction in TB incidence rate, both 

compared with 2015, and zero TB-affected families facing catastrophic costs due to TB were 

set as the main targets (World Health Organization, 2015d). 

A paradigm shift was set from TB control to TB elimination. The TB elimination strategy 

broadened the concept of TB control to identify and treat the pool of latently infected 

individuals from which future TB cases will be generated (Matteelli et al., 2018). Hence, 

ending TB can be achieved by combining the effective treatment of active TB — early case 

detection and high cure rates to interrupt transmission — with methods to prevent new 

infections and neutralise existing latent infections. Vigorous implementation of the WHO’s 

former strategy (Stop TB Strategy) is needed to achieve the first, facilitated by the effective 

supply of and demand for health services. The latter calls for new technology, including 

biomarkers of TB risk, diagnostics, drugs, and vaccines (Dye et al., 2013). TB elimination, 

defined as less than one TB case per million population, a scenario where TB is not 

eradicated but instead kept at such a low level that it no longer constitutes a public health 

problem (Matteelli et al., 2018), can be reached only by combining rapid diagnosis and 

effective treatment of both TB disease and TB infection cases (Dye et al., 2013). Systematic 

diagnosis and treatment of TB infection is vital to the TB elimination strategy (World Health 

Organization, 2014). Preventing TB infection and stopping the progression from infection to 

disease is critical to reducing TB incidence (World Health Organization, 2022b). 

TB infection is considered the reservoir for most emerging TB disease cases in low-

incidence countries. TB preventive treatment has been a core strategy for TB control in 

many low-prevalence settings for decades (Fox et al., 2021). The management of TB 

infection first entered WHO recommendations with the End TB Strategy as a mainstay of its 

first pillar and a key element to pursue elimination. In 2019, the Guideline Development 

Group that produced the WHO consolidated guidelines on tuberculosis: tuberculosis 

preventive treatment decided to consider implementation considerations instead of 

restricting the recommendations based upon a TB incidence threshold (World Health 

Organization, 2020); thus, screening for TB infection was also considered for high-incidence 

settings. 
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Multisectoral collaboration and accountability were considered key to the successful 

implementation of the End TB Strategy. The required mix of biomedical, public health, and 

socioeconomic interventions, combined with research and innovation, is far beyond the 

remit of National Tuberculosis Programs (NTP) (World Health Organization, 2022b). 

Preventive treatment among populations at increased risk of TB is essential for TB control 

and elimination (Yang et al., 2020). Populations at the highest risk of progression from TB 

infection to TB disease can be identified, and diagnostic tests and risk stratification can be 

used to select those individuals most likely to benefit from preventive therapy (Rangaka et 

al., 2015). Widespread treatment of high-risk populations could have a measurable impact 

on TB incidence (Havumaki et al., 2021). 

A human-rights-based response to TB was set in action, particularly towards the rights of 

those who are most affected by it: the most vulnerable, marginalised, and hard-to-reach 

populations (Raviglione and Krech, 2011; Stop TB Partnership, 2019; Litvinjenko et al., 

2023). Several studies have reported a strong geographic correlation between social 

deprivation and TB (Raina MacIntyre et al., 1997; Lönnroth et al., 2009; Whiting, Unwin and 

Roglic, 2010; Apolinário et al., 2017). The greater risk of TB among people from more 

disadvantaged socioeconomic groups is partially explained by greater exposure to risk 

factors. For example, smoking and alcohol abuse follow the socioeconomic gradient (MN 

et al., 2007; Lönnroth et al., 2009; Imtiaz et al., 2017).  

The End TB strategy fostered socioeconomic interventions to reduce poverty, increase 

social protection, and ensure universal access. Ending extreme poverty could result in a 

reduction in the global incidence of TB of 33.4%, and expanding social protection coverage 

could result in a reduction in incidence of 76.1% by 2035; both pathways could reduce TB 

incidence in 84.3% (54.7–94.9) (Carter et al., 2018). To tackle socioeconomic determinants 

just as vigorously as the remaining technical elements (active case-finding, effective 

diagnosis and treatment of infectious cases, and management of TB infection) was 

considered mandatory to eliminate TB worldwide (Migliori and Garcia-Basteiro, 2018).  

Vulnerable groups are those whose socioeconomic conditions or lifestyle make it difficult to 

recognise the clinical onset of TB, access diagnostic and treatment services, self-administer 

treatment and attend regular healthcare appointments (European Centre for Disease 

Prevention and Control, 2016). People within key population groups have a higher risk of 

TB because of increased exposure, limited access to quality-assured TB services, or 

biological or behavioural factors, and are often hard to reach and marginalised (European 

Centre for Disease Prevention and Control, 2016; Stop TB Partnership, 2019; National 

Institute for Public Health and the Environment, 2022). The burden of TB is substantially 

higher among vulnerable groups than general populations, suggesting a need for improved 
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integration of these groups, including dedicated efforts for their identification, targeted 

screening and prevention measures, as well as treatment support (Litvinjenko et al., 2023). 

Commit to systematic screening of relevant risk groups for TB disease and TB infection, as 

identified in WHO guidance documents, was highlighted in the End TB strategy (United 

Nations, 2018). The provision of universal access to TB care and prevention with greater 

attention on vulnerable and hard-to-reach populations was highlighted in Pilar 1 (World 

Health Organization, 2015d). Intensifying TB screening in the identified subpopulations was 

proposed as an important strategy in Portugal (Sentís et al., 2021).  

 

1.2 Epidemiology of TB in Portugal 

Tuberculosis (TB) continues to be an important cause of morbidity and mortality worldwide. 

World Health Organization (WHO) estimated that, in 2022, 10.6 million people had TB, and 

1.3 million died from the disease (World Health Organization, 2023a). The global gap 

between the estimated number of people developing TB (incident cases) and the reported 

number of people newly diagnosed with TB (notified cases) had grown in 2020 and 2021 

as a consequence of the COVID-19 pandemic and narrowed to a best estimate of 3.1 million 

in 2022 (similar to the pre-pandemic level of 2019). The estimated TB incidence rate was 

133 per 100,000 population in 2022 globally. The net reduction from 2015 to 2022 was 

8.7%, far from the WHO End TB Strategy milestone of 50% (World Health Organization, 

2023a). The net reduction in the global number of deaths caused by TB from 2015 to 2022 

was 19%, far from the WHO End TB Strategy milestone of a 75% reduction by 2025 (World 

Health Organization, 2023a). 

The COVID-19 pandemic adversely affected access to TB services and financing and 

intensified key social determinants of TB (Falzon et al., 2023). With adequate funding, 

leadership and action to facilitate the affordable and equitable provision of TB services, 

social protection measures and effective interventions, the TB epidemic could be brought 

to an end (Millington et al., 2024). 

TB notification rate has consistently declined in Portugal for the last two decades. It was 

inferior to 20 cases per 100,000 population-year for the first time in 2016; in 2022, it was 

14.5 cases per 100,000 population (Direção-Geral da Saúde, 2024). From 2015 to 2022, 

the net reduction in TB incidence was 30.7%, and in deaths from TB was 43.5% (Direção-

Geral da Saúde, 2024).  

Similar to what happens around the world, the distribution of TB is not geographically 

homogeneous in Portugal: most cases happen in urban areas from the districts of Porto, 

Lisbon and Setúbal (Nunes, 2007; Oliveira et al., 2020; Dias et al., 2023). TB is more 
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frequent in socioeconomically disadvantaged areas (Oliveira et al., 2022) and areas with a 

higher incidence of HIV (Couceiro, Santana and Nunes, 2011). 

In two municipalities in Northern Portugal (Penafiel and Marco de Canaveses), the highest 

TB notification rate in the country is found - 67.5 cases per 100,000 population-year in 2015-

2019 (first published data at the municipality level) (Direção-Geral da Saúde, 2020). It has 

stayed high and was 56.6 cases per 100,000 population in 2018-2022 (Direção-Geral da 

Saúde, 2024), i.e., >40 cases per 100,000 population-year, defined as the cut-off of TB high-

incidence (UK Health Security Agency, 2020).  

The Tâmega sub-region, where both Penafiel and Marco de Canaveses are located, is the 

area with the greatest deprivation in the Northern region in areas such as income, health 

and disability, education, housing, environment and access to goods and services (Luís 

Alves Sousa, 2014). Based on the Primary Health Care information system, the proportion 

of individuals with alcohol abuse in both genders and smoking in men was higher in this 

sub-region than in the rest of the North region in 2017 (Administração Regional de Saúde 

do Norte, 2020).  

The economic activity of extracting and transforming stone in these two municipalities is 

relevant. In 2018, 184 extraction and processing companies had been registered (Sousa et 

al., 2024). The companies were predominantly based in the parishes on the banks of the 

Tâmega River, which are also the parishes with the highest risk of TB (Unidade de Saúde 

Pública Vale do Sousa Sul, 2018).  

In 2022, under a specific contract with the European Centre for Disease Prevention and 

Control, quarry workers were highlighted as a vulnerable group for TB in the Portuguese 

epidemiological context; a need to expand on and strengthen existing comprehensive TB 

service delivery was considered mandatory (National Institute for Public Health and the 

Environment, 2022). Quarry workers are frequently exposed to various conditions that place 

them at increased risk of disease onset and transmission besides silicosis, such as alcohol 

use, smoking, precarious employment, poor living and working conditions (Rosenman and 

Hall, 1996; Coutinho, D; Sousa, P; Oliveira, O; Gaio, R; Duarte, 2016; Francisco et al., 

2017). An estimated 30% of TB cases from those communities occurred in individuals who 

were quarry workers (Sousa et al., 2019).  

Active miners working in formal and informal settings are considered a vulnerable group for 

TB (Litvinjenko et al., 2023). Mining communities often have the highest reported incidence 

of TB (Gottesfeld, Reid and Goosby, 2018). The burden of silicosis is found to be one of the 

main determinants of deaths, Years of Life Lost, and Years of Life with Disability due to TB 

(Albadrani, 2023). When TB and silicosis coexist, it increases the risk of death and makes 
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TB treatment less effective, so silicosis should be acknowledged as a major comorbidity of 

TB and should be included as one of the key risk factors in the differentiated TB care 

approach (Rupani, 2023c). The differential diagnosis between silicosis and TB is complex 

and contributes to delays in diagnosis and consequently to cases being more infectious 

(Cabral Melo Pereira et al., 2016; Khemakhem et al., 2022) – which leads to the emergence 

and amplification of TB outbreaks in the community. 

The risk of TB increases with silicosis (Konečný et al., 2019), as a relative risk of TB for 

people with silicosis compared to people without silicosis between 1.4 and 4.0 was pointed 

out in several studies (Ehrlich, 2018; Shafiei et al., 2019; Ehrlich et al., 2021; Yang et al., 

2022; Jamshidi et al., 2023; Rupani, 2023a). Exposure to silica dust, even without silicosis, 

was also associated with a higher risk of progression to TB (Ehrlich et al., 2021; Jamshidi 

et al., 2023).  

 

1.3 TB infection 

TB infection is defined as a state of persistent immune response to stimulation by 

Mycobacterium tuberculosis antigens with no evidence of clinically manifest TB disease 

(WHO, 2018). It has been recognised that TB infection is not a stable condition but rather a 

spectrum of infections (e.g., intermittent, transient or progressive) which may lead to 

incipient, then subclinical, and finally active TB disease (Zellweger et al., 2020). 

Current laboratory tests are imperfect means to distinguish tuberculous immunoreactivity 

and tuberculous infection (Behr et al., 2021). TB immunoreactivity cannot distinguish those 

who have cleared the infection from those with persistent infection, emphasising the urgent 

need for tests that can identify people with asymptomatic infections (Behr, Edelstein and 

Ramakrishnan, 2019).  

Tuberculin skin test (TST) and interferon-gamma release assays (IGRA) are the main 

diagnostic tools for TB infection, although no gold standard test exists so far (WHO, 2022). 

Available tests evaluate the adaptive cellular immune response to mycobacterial antigens, 

not distinguishing active, latent, or past infection. Either the TST or IGRA can be used to 

test for TB infection according to WHO 2022 guidelines (WHO, 2022).  

New Mycobacterium tuberculosis antigen-based skin tests may also be used to test for TB 

infection (WHO, 2022), but they still cannot reliably identify those at risk of progression to 

active disease. All available tests lack accuracy in identifying the progressors from infection 

to TB disease (Goletti et al., 2022).  

Around a quarter of the world population is estimated to be infected with Mycobacterium 

tuberculosis (World Health Organization, 2022a). In Portugal, data from 2002-2009 
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estimated that the prevalence of TB infection in the general population was 15% (Lopes et 

al., 2014), and it is expected that it has decreased further over time (Ding et al., 2022). It is 

considered that an individual from the general population with TB infection has a 10% 

chance of developing TB disease throughout life and a 5% chance in the first two years 

after exposure (Centers for Disease Control and Prevention, 2013; World Health 

Organization, 2015a, 2015c), making it a presumable reservoir of infection and an obstacle 

to eliminating the disease.  

Preventive treatment is an essential component of the management of TB infection, 

designed to prevent the progression of TB infection to clinically active TB disease (Goletti 

et al., 2022). It reduces the risk of developing TB disease by 65-75% (Ai et al., 2016). 

Identification and treatment of TB infection can greatly reduce the likelihood of developing 

TB disease and can potentially protect individuals and the population by reducing the 

number of potential future sources of infection. 
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2. Objectives 
 

This work intends to assess the effectiveness and the cost-effectiveness of an annual TB 

screening strategy directed to quarry workers from a TB high-incidence area. 

This thesis addresses the following specific objectives: 

▪ Compare the cost-effectiveness of two TB infection screening strategies (two-step 

Tuberculin Skin Test (TST) plus Interferon-Gamma Release Assay (IGRA) with the 

IGRA-only screening strategy) in immunocompetent contacts of TB respiratory 

cases (Publication 3.1). 

▪ To identify factors associated with being part of a cluster of TB cases among quarry 

workers in a TB high-incidence area (Publications 3.2 and 3.3). 

▪ Identify subgroups of quarry workers with higher TB infection incidence rates 

(Publication 3.4). 

▪ Compare the TB infection rate trends among quarry workers annually screened with 

the community TB notification rate trends during the screening period (Publication 

3.5). 

▪ Compare the TB infection screening program costs with its benefits measured in 

monetary units (Publication 3.6). 

A detailed description of the methods is provided in each article, addressing the specific 

objectives. 
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3. Publications 
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3.1 Comparing the cost-effectiveness of two screening strategies for latent tuberculosis 

infection in Portugal 
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3.2 Coffee shops, a hub for TB clusters? 
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3.3 An investigation of TB infection and reinfection among stone quarry workers
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3.4 Enhancing Tuberculosis Surveillance in Quarry Workers: Identifying Vulnerable 

Subgroups 
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3.5 Impact of Annual TB Screening on Stone Quarry Workers in High-Incidence 

Portuguese Municipalities in 2018-2022
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3.6 Is it worth screening quarry workers for TB infection in high-incidence areas? A cost-

benefit analysis 
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4. Discussion and Conclusions 
 

This thesis contributed to the understanding of the TB transmission dynamics among a 

group of quarry workers in a high-incidence area, and it measured the effect and cost-

benefit of a strategy consisting of an annual TB screening directed to the group. 

Active transmission of TB among stone quarry workers was present, with several outbreaks 

occurring simultaneously, as documented through Whole Genome Sequencing (WGS). It 

seemed to be driven by multiple factors (social and work-related); having a previous episode 

of TB was more common among clustered cases, suggesting the increased vulnerability of 

quarry workers to getting TB. Quarry workers were important to maintain transmission, but 

they could be the weakest link in a high-incidence community. Social contacts in community 

public places where epidemiological links are difficult to establish (such as coffee shops) 

seemed to contribute to maintaining ongoing active transmission. 

Quarry workers are especially at risk for TB. World Health Organization (WHO) 

recommends that current and former workers with silica exposure should be systematically 

screened for TB disease (World Health Organization, 2021). Regarding TB infection 

systematic screening, the WHO recommends it for people with silicosis (World Health 

Organization, 2020).  

For TB infection screening, we found that the IGRA-only strategy yielded higher screening 

effectiveness for diagnosing TB infection (aOR 2.12, 95%CI: 1.53 - 2.94). The incremental 

cost-effectiveness ratio (ICER) was €106 per TB infection diagnosis, representing increased 

effectiveness with a slightly increased cost of IGRA-only screening strategy.  

Systematic diagnosis of TB infection, together with preventive treatment directed to groups 

with vulnerabilities in high or low-incidence settings, have been pointed out as an important 

strategy to achieve TB elimination. In line with the End TB strategy, a TB disease and TB 

infection screening (using IGRA) directed to quarry workers was implemented from 2018 to 

2022 by the public health units with the regional and National TB Program (NTP) teams in 

Penafiel and Marco de Canaveses.  

Among 997 workers screened during a four-year period, with an average of 2.06 screenings 

per worker, three cases of TB disease were diagnosed, and a prevalence of TB infection of 

19.8% was found. Radiological findings compatible with silicosis were identified in 25% of 

workers. An overall rate of infection of 3.2 per 100 person-year among quarry workers was 

found, with silicosis, diabetes and older age being independent and significant risk factors 

for TB infection. Our results supported the idea that regular TB infection screening could be 

considered for people exposed to silica dust, especially if they accumulate other risk factors. 
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Other authors have also suggested that preventive treatment could be considered for any 

workers with prolonged silica exposure, whether or not silicosis has developed, especially 

in geographical regions with a high prevalence of TB (Yew et al., 2019). 

Determining changes in the risk of infection was considered an informative indicator for 

changes in transmission patterns of M. tuberculosis in a community (Rieder, 2005). The 

annual rate of infection (ARI) in quarry workers decreased about three times faster 

compared to the TB notification rate in the general population between 2018 and 2022. Our 

data suggested that annual TB infection screening of a group of quarry workers in a TB 

high-incidence area contributed to the decrease of the rate of TB infection among the group 

in a period when TB incidence in the general population did not decrease at the same level.  

Some overall limitations should be addressed. The dose of silica exposure, either 

cumulative or present, was not possible to measure. In future studies, quantifying silica 

exposure and other relevant factors such as alcohol and tobacco use (collected as 

dichotomous variables and not quantified) could help explain how much of the TB infection 

risk in these groups is attributed to any of those variables. Additionally, reinfection and the 

heterogeneous distribution of reinfection were pointed out as important drivers of 

transmission that are not measured by the ARI (Andrews et al., 2012; Horsburgh et al., 

2023). ARI does not reflect the risk of infection among previously infected individuals. The 

durability of preventive therapy has been a concern in high-burden settings where the force 

of infection likely contributes to observed TB cases shortly after TB preventive treatment 

completion due to exogenous reinfection (Samandari et al., 2011; Churchyard et al., 2014; 

Salazar-Austin et al., 2019). As the risk of reinfection of previously treated persons exists, 

preventive treatment might fail to provide durable protection. 

As ending poverty and expanding social protection coverage results in a reduction in TB 

incidence (Carter et al., 2018), efforts by the whole society should be made to address 

socioeconomic health determinants in deprived areas such as those predominantly affected 

by TB. Interventions that increase access to health care and other relevant services should 

be targeted. 

Silicosis is an old problem that needs attention. In 2019, 2.65 million global prevalent cases 

of silicosis were reported globally, with an incidence rate and death rate of 1.7 and 0.2 per 

100,000 population, respectively (Global Health Metrics, 2019). The prevalent cases and 

deaths due to silicosis might be much higher as underreporting of occupational diseases is 

an important issue (Kyung et al., 2023; Rupani, 2023c; Spagnolo et al., 2023).   

A unit increase in silicosis incidence significantly increases TB mortality and morbidity 

(Albadrani, 2023). Preventing silicosis and exposure to silica could contribute to achieving 

End TB, and it should be a priority as silicosis is preventable and highly disabling. An 
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effective silicotuberculosis prevention strategy must be based on primary and secondary 

prevention (Kortum and Bozsoki, 2007). Primary prevention includes controlling silica dust 

at the source through environmental and individual methods (European Commission - 

Employment, 2016). Secondary prevention includes monitoring worker health in the 

workplace, assessing health risks and early disease detection (European Commission - 

Employment, 2016). In Portugal, current legislation determines the responsibilities of 

employers in controlling work-related risks and ensuring individual health surveillance 

(Diário da República, 2009).  

Appropriate legislation to protect miners in Southern Africa from the threat of TB and 

occupational diseases was considered mandatory in the Southern African Development 

Community when, in 2012, these countries Heads of State signed the “Declaration on TB 

in the mining sector”. The declaration stated that mineworkers have contributed significantly 

to the wealth of the region at great personal cost to their health and welfare and that given 

the fact that the mining sector is one of the hardest TB-hit sectors, immediate action was 

needed to protect mineworkers from occupational lung diseases and suffering (Baleta, 

2012). 

Portugal has a specific silicosis preventive legislation since 1962 (Diário da República, 

1962), addressing the need to perform an admission examination consisting of a general 

clinical examination with chest X-ray (CXR). Radiographic screening carried out by the 

Ministry of Health and Assistance services in 54 mines at that time revealed that, in 14,835 

miners, the percentage of workers with silicosis varied between 0.44% and more than 30% 

of the staff in each mine, what was considered to demonstrate that it was possible to reduce 

the risks of being affected by silicosis (Diário da República, 1962). In 2005, a study into 

occupational illnesses performed in the Porto district showed that silicosis was the most 

reported occupational pathology. About 100 new cases per year were reported in 2000-

2005, representing 85% of the respiratory occupational diseases (Santos et al., 2010). 

In 2018-2019, we estimated that 25% of screened quarry workers had silicosis, i.e., 173 in 

690 CRX performed in that period showed radiological signs of silicosis. About half of those 

diagnosed with silicosis were not aware of their condition and were considered new 

diagnoses (Sousa et al., 2019). This prevalence was similar to those found in low-income 

countries (Moyo et al., 2024). In Australia, a screening programme included 799 workers, 

of whom 98 (12.3%) had silicosis (The Lancet Respiratory Medicine, 2019). A National 

Silicosis Prevention Strategy 2023-2028 was implemented in Australia (Lung Foundation 

Australia, 2023) and is also needed in Portugal.  
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A surveillance system needs to be established for the early detection and tracking of all 

patients with silicosis (Rupani, 2023b), including in Portugal, where national data from 

notifications of silicosis were not routinely reported. As the International Labor 

Organization/World Health Organization (ILO/WHO) International Programme on the Global 

Elimination of Silicosis was launched in 1995 and called for the elimination of silicosis 

worldwide by 2030 (Pan American Health Organization, 2008), action is needed now. 

Similar TB screening strategies directed at mining sector workers have been implemented 

worldwide (Nandi et al., 2020; Young et al., 2020; Ohene et al., 2021; Moyo et al., 2022). 

South Africa has taken the lead by introducing TB screening for mine workers (Stop TB 

Partnership, 2019). Through the Mine Health and Safety Council, the industry committed in 

2014 to reducing TB incidence to be at or below the South African TB incidence by 2024 

(Minerals Council South Africa, 2020). An annual TB disease active case-finding (ACF) 

strategy was implemented; the number of pulmonary TB cases diagnosed was 4,639 in 

2008 and 1,716 in 2018 (Minerals Council South Africa, 2020). The estimated TB incidence 

declined from 1,068 cases per 100,000 population in 2015 to 435 cases per 100,000 in 

2018 (Minerals Council South Africa, 2020). 

The Thibela TB, a cluster randomised study performed in 2006–2011 in South Africa, 

showed reduced individual-level TB incidence but no detectable population-level impact 

when comparing routine TB preventive treatment targeted to those identified as at higher 

risk of TB (due to HIV infection or silicosis) against a community-wide approach in which 

TB preventive treatment was offered to all gold miners workers (Vynnycky et al., 2015). 

Mass screening and preventive treatment had no significant effect on TB control in South 

African gold mines despite the successful use of isoniazid in preventing TB during 

preventive treatment (Churchyard et al., 2014). In the intervention clusters, 27,126 miners 

(66.2%) underwent screening. Of these miners, 23,659 (87.2%) started taking isoniazid for 

at least six months. The intervention did not reduce the incidence of TB (3.02 per 100 

person-years vs. 2.95 per 100 person-years) or the prevalence of TB (2.35% vs. 2.14%) in 

the intervention and control clusters, respectively. Isoniazid only reduced TB incidence in 

the intervention clusters during preventive treatment (1.10 cases per 100 person-years vs. 

2.91 cases per 100 person-years), but there was a subsequent rapid loss of protection 

(Churchyard et al., 2014). The authors concluded that effective TB control in gold mines 

required a combination prevention approach, including health systems improvements to 

minimise treatment delay, improved diagnostics, and effective, durable preventive treatment 

regimens (Vynnycky et al., 2015). Additionally, TB screening should be combined with 

screening for other diseases, such as silicosis, and especially with health-promotion 
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activities to reduce occupational exposure to silica (Churchyard et al., 2004; World Health 

Organization, 2021). 

From May 2017 to January 2018, Ghana implemented an ACF strategy among artisanal 

gold mining communities. Ninety-five TB cases were identified, corresponding to 910 TB 

cases per 100,000 population screened. The number needed to screen (NNS) was 110 

(Ohene et al., 2021). 

In Malawi, in 2019, of the 2400 miners approached, 2013 (84%) were interviewed. Of these, 

1435 (71%) were males, 1438 (71%) had known HIV status and 272 (14%) had pulmonary 

TB (Rambiki et al., 2020). 

In Zimbabwe, from 1 October 2020 to 30 September 2023, 10,668 small-scale miners were 

screened, with a high number of cases of silicosis (21%) and TB (7.4%) found (Moyo et al., 

2024). Among those diagnosed with silicosis, 1665 artisanal and small-scale miners were 

eligible for TB preventive treatment (TPT), and 1212 (73%) initiated TPT (Moyo et al., 2024). 

Screening for TB, HIV and silicosis using workplace-based screening and occupational 

health clinics was considered an effective strategy in Zimbabwe (Moyo et al., 2024). 

In India, a cross-sectional study was conducted among 935 workers in sandstone mining 

who performed a CXR; 6.4% of the CXR showed evidence of TB (Nandi et al., 2020). 

In countries where TB incidence is above 100 cases per 100,000 population-year, ACF 

strategies directed at searching for undiagnosed pulmonary TB were prioritised. The NNS 

for an ACF strategy depends heavily on the population screened; as health system 

resources are often limited, identifying high-yield populations for screening is important to 

maximise program efficiency and reduce TB burden among groups at greatest risk (Naufal 

et al., 2022). We found a prevalence of TB infection of 19.8%, corresponding to an NNS of 

five.  Regarding TB disease, we found a prevalence of 0.30%, corresponding to an NNS of 

333. In a retrospective cohort study in Denmark, a low-incidence country, the NNS to find 

one case of TB infection was seven among adult refugees and 19 among children, while 

NNS for TB disease was 266 and 164, respectively (Stærke et al., 2022).  

Some authors suggested that as most cases of TB in highly endemic areas occur in persons 

without recognised risk factors, targeted TB preventive treatment was unlikely to have a 

substantial population-wide impact (Suzanne Verver, Robin M Warren, Zahn Munch, 

Madalene Richardson, Gian D van der Spuy, Martien W Borgdorff, Marcel A Behr, Nulda 

Beyers, 2004; Rangaka et al., 2015). The effect of screening high-risk groups alone on the 

pool of prevalent cases of TB could be relatively small (Kasaie et al., 2014). Then, some 

authors suggested that community-based ACF for TB might be effective in changing 
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epidemiology if delivered with high coverage and intensity (Marks et al., 2019; Burke et al., 

2021). In areas with a high burden of TB, they suggested that it would probably be 

necessary to screen the entire population and treat all, or nearly all, prevalent cases of TB 

to reduce transmission (Marks et al., 2019).  

In 2022, 31.2% of TB cases in Portugal did not have an identified risk factor associated; in 

the municipalities of Penafiel and Marco de Canaveses, that percentage was higher (46.4%) 

(Direção-Geral da Saúde, 2024). Information regarding risk factors may be missing in the 

surveillance systems. On the other hand, regardless of the risk factors that an individual 

has, exposure to Mycobacterium tuberculosis is needed to develop TB disease. When we 

compared the cost-effectiveness of TB infection screening strategies, we found that 27% of 

the screened contacts of people with respiratory TB were diagnosed with TB infection. The 

current epidemiological investigation does not integrate WGS data, and linkages between 

cases are not always found. The contact screening strategy could be optimised further if 

this integration occurred, with targeted screenings being more efficient and chains of 

transmission broken.                                                                                                               

Given the fact that the TB notification rate in Penafiel and Marco de Canaveses was 56.6 

cases per 100,000 population in 2018-2022 (Direção-Geral da Saúde, 2024), we could 

estimate that a large number of people would need to be screened to find one case of TB 

disease if a strategy of ACF was randomly addressed to the whole community, with 

important expenses associated. WHO recommended that general population screening be 

considered in defined areas with a prevalence of undetected TB of 0.5% or more (World 

Health Organization, 2021), which is not the case in these communities. 

Regarding TB infection, as any treatment entails risk of harm and opportunity costs, TPT 

should be selectively targeted to population groups at the highest risk of progression to TB 

disease, who would benefit most from it (World Health Organization, 2021). Randomly 

applying TPT in a population is not only unsafe, but it is also not expected to have a 

sustainable impact on TB incidence (Churchyard et al., 2014). 

We found that the monetary benefit of a TB infection screening program directed to quarry 

workers in a high-incidence area was greater than its cost from the perspective of the whole 

society; companies and workers saved most of the predicted costs of inaction. Besides 

reducing disability and improving quality of life (which we did not measure in this cost-benefit 

analysis), investing in prevention allowed individuals and companies to avoid important 

expenses. Additionally, this screening program integrated screening for other prevalent 

diseases among targeted risk groups, namely silicosis. As prevention and surveillance of 

occupational diseases is an obligation of employers, and the TB screening program 
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reinforced the need to perform a regular CXR, those screening costs should already be paid 

by companies anyway. 

Due to TB, people face costs or suffer income loss equivalent on average to more than 50% 

of their income (World Health Organization, 2015b). The economic impact of TB in 

communities with higher socioeconomic deprivation, where TB is also more frequent 

(Apolinário et al., 2017; Oliveira et al., 2022), may help induce a vicious circle of 

disadvantage. Hence, the fact that the screening program positively impacted companies 

and workers especially probably had an important economic impact on the community. 

If better TB infection tests exist, i.e., tests that are better predictors of progression to TB 

disease, and cheaper and shorter preventive treatment schemes are implemented, overall 

costs and NHS costs could be reduced further. The development of biomarkers that 

accurately detect likely disease progressors would dramatically reduce the number of 

individuals requiring TPT (Fox et al., 2021). Shorter and more acceptable TB preventive 

treatment regimens using less toxic drugs have recently been recommended by WHO 

(World Health Organization, 2021). However, for these shorter-duration TB preventive 

treatment regimens to substantially alter the current TB epidemic trajectory, robust 

operational research is required to guide its implementation in different settings (Fox et al., 

2021). 

TB infection's high prevalence has been seen as a critical barrier to global TB eradication. 

Yet there is some evidence that self-clearance of Mycobacterium tuberculosis infection can 

occur (Behr et al., 2021; Emery et al., 2021). Longitudinal studies and clinical trials showed 

that TB immunoreactivity can persist after curative treatment. Most people with TB 

immunoreactivity do not develop TB disease upon immunosuppression, suggesting they 

have cleared their infection while retaining immunological memory (Behr, Edelstein and 

Ramakrishnan, 2019).  

Owing to the self-clearance of Mycobacterium tuberculosis infection, the population with a 

viable infection may be markedly smaller than generally assumed. Coupling these wide-

ranging implications for TB epidemiology with the ability to identify individuals who have 

self-cleared could dramatically improve the targeting of preventive programmes, bringing 

TB elimination within reach of feasibility (Emery et al., 2021). 

The multisectoral accountability framework for TB aims to support the effective 

accountability of governments and all stakeholders to accelerate progress to end the TB 

epidemic (World Health Organization, 2019). In line with this, occupational health services 

performed screening activities in collaboration with public health units, TB outpatient 

centres, and the laboratory. Municipalities and national industry associations were involved 

as partners; their roles included launching the project and related public events. TB sessions 
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directed to employers and workers were assured on a regular basis. Occupational health 

professionals were trained in TB screening, and communication between the different 

healthcare services and sectors was strengthened. Employers and quarry workers were 

systematically informed about the project through information sessions. The project fostered 

occupational health service cooperation, political commitment to the problem, the 

involvement of other relevant local stakeholders and raised awareness of TB and silicosis 

in the overall community (Sousa et al., 2019). 

To ensure sustainability, it was considered crucial to include frontline staff from the start and 

to give regular feedback on the monitoring and evaluation parameters (Lawson, Weekes 

and Hill, 2018), and that was obtained. Occupational health professionals did not previously 

administer CXR routinely to stone quarry workers, but this good practice was enhanced 

during the implementation of the project. As occupational health professionals were trained 

for TB and were committed to continuing regular screening as part of workers’ health 

vigilance, sustainability is expected to occur. Increasing TB-related skills in occupational 

health professionals may also increase quarry workers' health literacy (Sousa et al., 2019).  

Actions to promote TB and silicosis prevention at different levels (from primordial to 

quaternary prevention) are continuously needed, including reinforcement of the use of 

personal and collective protective equipment; promotion of early diagnosis of silicosis (and 

TB) through periodic CXR by occupational health services; ensuring that primary care 

services (including TB outpatient centres) and occupational health services have the 

resources and knowledge needed to prevent, diagnose and treat TB and silicosis; and 

facilitating communication between all health service levels (public health, primary care 

services, occupational health services and hospitals) (Sousa et al., 2019). 

Endemic communities and high-risk populations are often stigmatised (Courtwright and 

Turner, 2010; Ashaba et al., 2021). Interventions should address this and be integrated into 

the overall healthcare delivery (Myburgh et al., 2023). By including TB in the regular 

screening of silicosis by occupational health services, it is possible to reduce stigma and its 

consequences. 

This thesis adds to previous research that although screening directed to vulnerable groups 

is an important strategy to eliminate TB and contributed to the faster decrease in the rate of 

infection among quarry workers, the burden of TB in communities where ongoing active 

transmission occurs can continuously put most vulnerable groups at risk of infection (and 

reinfection) if no other measures are implemented. Genotyping all Mycobacterium 

tuberculosis strains in the TB high-incidence communities through WGS could help identify 

missing links between cases and all public places that are hot spots for TB. Implementing 

WGS, together with public health authorities’ routine interventions of epidemiological 
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investigation and contacts’ screening, could effectively break chains of transmission. The 

screening strategy directed to quarry workers, consisting of a symptom questionnaire, CXR, 

and IGRA, should be maintained in high-incidence areas to align with the End TB strategy. 

Furthermore, besides ensuring systematic TB infection screening for patients with silicosis, 

whether they are working (as addressed in this screening program) or not, as recommended 

by WHO, regular TB infection screening could be considered for people exposed to silica 

dust in TB high-incidence areas, especially if other risk factors such as older age and 

diabetes coexist. The development of innovative technologies to address TB infection, 

specifically tests that are better predictors of progression to TB, as forecasted in Pilar 3 of 

the End TB strategy, could increase further the screening effectiveness.  

In conclusion, the results of this thesis support the effectiveness of a TB screening strategy 

directed at quarry workers from high-incidence areas in reducing their overall risk of 

infection with economic benefit. As the burden of silicosis is one of the main determinants 

of TB in mining communities, improving working conditions, eliminating silicosis and 

reducing exposure to silica should be a priority to end TB. Combining TB and silicosis 

screening contributes to an increase in screening effectiveness and should continue in the 

future, with costs being shared between companies and the NHS. Enforcing TB screening 

directed to high-risk groups of quarry workers and enhancing case detection in the high-

incidence communities through the integration of genotyping with epidemiological 

investigation/contact screening, together with innovation that is expected to occur regarding 

TB infection tests and schemes, could lead the way to control (or eliminate) TB. 
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5. Future Research 
 

Evaluating public health programs is paramount to delivering cost-effective interventions. 

This thesis assessed the short and medium-term effectiveness of a TB screening strategy 

directed at quarry workers from a high-incidence area, but TB screening effects continue to 

unfold. Additionally, qualitative data may add important clues on how to increase screening 

effectiveness in this vulnerable group. Then, several areas warrant further research: 1) to 

study the long-term effects of the TB screening strategy on TB incidence among quarry 

workers and the overall communities where they live and work; 2) to calculate the risk of 

developing TB disease in the screened workers that completed preventive treatment, and 

identify factors associated with reinfection; 3) to estimate the burden of reinfection among 

quarry workers with TB disease, through genotyping stains of all the episodes of TB 

developing in an individual; 4) to quantify the risk of TB infection in quarry workers 

associated with factors such as alcohol and tobacco use, and to study effective interventions 

to reduce the prevalence of those risk factors among quarry workers; 5) to quantify silica 

exposure in the sector and its relation with the improvement of working conditions and 

reinforcement of collective and personal protection equipment use; 6) to perform qualitative 

studies on the obstacles identified by workers to do not adhere to screening or preventive 

treatment, as well as to identify factors of non-compliance with collective or personal 

protection equipment by employers and employees, respectively; 7) to compare the cost-

effectiveness of different strategies to reduce TB risk in quarry workers, including silicosis 

and silica exposure prevention and TB screening; 8) to compare workers with a first IGRA 

positive with workers that converted from negative to positive IGRA to identify factors 

presumably associated with recent infection. Finally, to increase understanding of the TB 

transmission dynamics in the communities, it would be beneficial 9) to identify factors 

associated with being part of a cluster of TB cases in the TB high-incidence communities 

through genotyping of all strains of Mycobacterium tuberculosis isolated in the high-

incidence communities. 

Addressing these research topics could help achieve End TB targets in this high-incidence 

area. They could contribute to developing more effective strategies and improving screening 

implementation issues addressing vulnerable groups. 
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