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3. Thesis summary

3.1 Summary in English

Epidemiological dynamics of Tuberculosis within the prison population and the community.

Introduction

The control of tuberculosis (TB) in Central America and South America has significantly
progressed over the past 20 years. However, it has particularly stagnated during the second
decade of the 21st century. Despite national and regional efforts, the stagnation of indicators
has revealed a common pattern in some countries across the Latin American region. This pattern
has been characterized by the concentration of the epidemic within prisons, coupled with a rising

trend in incarceration rates across several countries in the region(1).

Despite the decline and subsequent rebound during and after the COVID-19 pandemic, as
observed in several countries, Paraguay has maintained a stable TB incidence rate over the past
15 years (2). This rate typically ranges between 38 and 45 cases per 100,000 inhabitants, which
translates to approximately 3,100 cases per year. During this period, healthcare institutions have
made efforts to expand and universally provide free access to diagnostic, laboratory, and
radiological services, as well as treatment, extending these services to the primary level of

care(3).

Over the past decade, although the total number of cases in the country appears to be stable,
there has been a concentration of the epidemic within the prison population. It was seen that
the proportion of cases in prisons rise from approximately 7% of the total cases in 2009 to over
15% in 2018, and in recent reports, exceeding 20% of the total cases in the country (4). This
concentration coincides with a doubling of the prison population, leading to overcrowding and
exacerbating the TB concern. This situation may be contributing to the spread of TB to the rest

of the population, undermining progress in TB control within the broader community.
Hypothesis

Thorough analysis of records from the National TB Program (NTP) and the Ministry of Justice,

including the utilization of complete genomic sequencing of Mycobacterium tuberculosis (Mtb)
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for cases occurring in prisons and surrounding communities, will provide us with a more precise
understanding of the disease burden attributable to prisons and transmission patterns between

these facilities and the broader community.
Main objective

The aim of this study is to describe and characterize the transmission dynamics of Mtb in

penitentiary centres and the broader community in Paraguay, South America.
Methodology and Findings

In the initial stage, the thesis describes the phenomenon of TB concentration in prisons using
data from the NTP. It is highlighted that the number of prisoners in Paraguay increased from
6,258 in 2009 to 14,627 in 2018 (incarceration rate, from 101 to 207 per 100,000 people), while
the number of TB cases among prisoners increased by 250% (n =192 in 2009 versus n =480 in
2018). The annual TB notification rate among male inmates was 3,218 and 3,459 per 100,000
inmates in 2009 and 2018, respectively. The percentage of all TB cases occurring among inmates
increased from 7.1% in 2009 to 14.5% in 2018. The relative risk of TB in prisons compared to the
community was 70.3 (95% Cl, 67.7-73.1), with a population-attributable fraction (PAF) to the
general population of 9.5%. Among the 16 prisons in the country, two of them—Tacumbu
(39.0%) and Ciudad del Este (23.3%)—account for two-thirds of all TB cases in prisons. TB among
inmates is predominantly concentrated in those aged 20 to 34 years (77.3% of the total), double

the percentage of cases for the same age group outside of prison.

At the next level, a retrospective cohort study of cases was conducted, linking the 2013 National
Prison Census from the Ministry of Justice with TB notifications from the NTP spanning from
2010 to 2021. Cox proportional hazards models were used to quantify the risk of TB during and
after incarceration and to identify intrinsic risk factors associated with the prison environment
or the individual. During the census years, 11.6% (1,096/9,413) of individuals developed TB.
Among them, 70.1% (768/1,096) were diagnosed with TB while incarcerated, and 29.9%

(328/1,096) were diagnosed in the community, as per NTP records.

To estimate the risk of developing TB during and after incarceration, the study focused on five
prisons, from which information on entry, release, and/or transfer dates were obtained. Within
the five prisons studied, a total of 2,996 incarcerated individuals were included. The total follow-
up time for this cohort was 15,341 person-years, with a median overall duration of 8.2 years
(IQR: 5.63-9.01). The median time spent incarcerated was 2.25 years (IQR: 0.75-4.58). Nearly
one-third (31.1%) of the prison population is renewed each year. Once released from these

prisons, the median cumulative follow-up time outside of prison was 4.30 years (IQR: 0.92—7.08).
15



The overall notification rate was 2,940 TB cases per 100,000 person-years. We observed that
15.1% (451/2996) developed TB during the total follow-up years. Of these TB episodes, 58.1%
(262/451) occurred during incarceration, and 29.7% (78/262) of them occurred during the first
incarceration. More than two-fifths (41.9%, 189/451) of the recorded TB cases occurred outside
of prison, with 35.4% (67/189) of them occurring after their first incarceration. The overall TB
notification rate for the study population was 2,940 per 100,000 person-years. This rate
increased with the duration of incarceration from 1,335 per 100,000 person-years in the first
year of incarceration to 8,455 per 100,000 person-years after 8 years. Among individuals with a
history of incarceration, the TB rate decreased from 1,717 in the first year after release to 593
per 100,000 person-years after 8 years of follow-up. However, it remained more than 10 times

higher than the TB incidence rate of the general population.

In a third stage, a prospective genomic surveillance study was conducted, by sequencing Mtb
genomes within and outside prisons in the two largest urban areas of Paraguay, Asuncion, and
Ciudad del Este. The study was carried out between 2016 and 2021. Of the samples meeting the
criteria for genomic sequencing, 158 were from individuals diagnosed with TB while in prison,
and 330 were from individuals diagnosed with TB in the community. Isolates of TB were collected
in Asuncidn (274/488) and Ciudad del Este (214/488). There were 17 isolates excluded, with
evidence of mixed infection with more than one detected sub-lineage, resulting in a final dataset
of 471 Mtb isolates for analysis. Within these samples, genomic evidence was detected,
indicating frequent recent transmission within prisons, as well as transmission connections
extending across both prisons and adjacent populations. Moreover, a consistent signal of TB
spread between urban areas was observed and emphasized the recent growth in population size
within the three largest genomic transmission clusters. Around 78% (369/471) of all isolates were
found within 26 genomic groups (each containing 2 to 159 isolates) defined by a threshold of 12
SNPs. In these samples, genomic evidence of frequent recent transmission within prisons and
transmission links spanning both prisons and neighbouring populations was found. A signal of
frequent spread of Mtb was identified, between urban areas and highlighted the recent

expansion of the population size of the three largest genomic transmission clusters.
Conclusion

This thesis presents an in-depth epidemiological portrait supported by genomic sequencing,
describing the transmission dynamics of Mtb within prisons and from prisons to the community,

aiding in the identification of priorities for Paraguay's National TB Program (NTP).
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The phenomenon of TB concentration within the country's prisons and how this pathology
extends beyond the prison walls due to the high turnover of the prison population was
described. Increases in TB in prisons determine TB epidemics globally. Through genomic
sequencing, it was observed that most of TB cases included in the genomic study were likely
attributable to recent transmission. There were identified three dominant clones that have
expanded dramatically over the past twenty years, encompassing both prisons and surrounding

communities.

It was found a pattern of close genomic relatedness between Mtb sampled within and outside
of prisons. Together, the findings underscore the urgency of strengthening TB control programs
with a high focus on reducing transmission risk both inside and outside of prisons. It is imperative
to give due weight to the history of incarceration, where the incidence is several times higher
than outside prisons, not only in Paraguay but also in various countries across Central and South

America.
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3.2 Resumen en Castellano

Dinamicas epidemioldgicas de la Tuberculosis entre las prisiones y la comunidad.

Introduccion

El control de la tuberculosis (TB) en Centroamérica y Sudamérica ha avanzado de manera
considerable desde finales de los 90 y durante los ultimos 20 afios. Pero particularmente durante
la segunda década del siglo XXI se ha estancado. Este estancamiento de los indicadores, a pesar
de los esfuerzos nacionales y regionales, ha expuesto un patrén comun en algunos paises de la
region latinoamericana. El patron comin ha sido la concentraciéon de la epidemia en las
prisiones, acompafiado de un proceso de aumento de los niveles de tasas de encarcelamientos

en varios paises de la regién(1).

A pesar del descenso y el repunte posterior durante y después de la Pandemia por COVID-19,
como ocurrid en varios paises, Paraguay es un pais que tiene una tasa de incidencia de TB estable
durante los ultimos 15 afios, que ronda entre 38 y 45 casos por 100.000 habitantes, lo que
equivale a una media de 3100 casos por afio(2). Durante este periodo desde las instituciones de
salud se ha hecho el esfuerzo de expandir y universalizar gratuitamente el acceso al diagnéstico,

laboratorial y radioldgico, y al tratamiento, llegando hasta primer nivel de atencidn(3).

Durante la ultima década, aunque la cantidad de casos totales en el pais pareciera ser estable,
ocurrié una concentracion de la epidemia en la poblacién penal, pasando de valores de cercanos
al 7% del total de casos en prisiones en el 2009 a superiores al 15% en el 2018, y en ultimos
informes por encima del 20% del total de casos del pais(4). Esta concentracién ocurre en un
proceso también de duplicacién de la poblacién penal, generando hacinamiento y potenciando
el problema de la TB, el cual puede estar condicionando un derrame de este problema al resto
de la poblacién, torpedeando los avances del control de la enfermedad en el resto de la

comunidad.

La urgencia de focalizar estrategias para interrumpir la transmisiéon y prevenir nuevas
infecciones dentro y fuera de los centros penales es fundamental. Sin embargo, aun se
desconoce la dimensidn que juegan las instituciones penitenciarias a sus poblaciones aledanas
en la transmisidn. En tal sentido, esta tesis tiene el objetivo de describir el riesgo para desarrollar
TB en prision, sus factores asociados, cdmo persiste este riesgo una vez que se sale de prision,
ademas de detallar filogenéticamente cdmo se generan clisteres comunes entre la prision y la

comunidad.
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Hipoétesis

Un analisis profundo de los registros del Programa Nacional de Tuberculosis (PNT) y del
Ministerio de Justicia, incluyendo la secuenciacion gendmica completa de Mycobacterium
tuberculosis (Mtb) para casos ocurridos en prisiones y comunidades circundantes, nos
proporcionard una comprension mas precisa de la carga de enfermedad atribuible a las prisiones

y los patrones de transmision entre prisiones y comunidad en general.
Objetivo

El objetivo principal de esta tesis es caracterizar las dinamicas de transmision del Mtb entre los

centros penitenciarios y el resto de la comunidad en Paraguay, Sudamérica.
Metodologia y Resultados

En una primera etapa de esta tesis, se describié el fendmeno de concentracién de la TB en las
prisiones con datos del PNT donde destacamos que el nimero de presos en Paraguay aumento
de 6.258 en 2009 a 14.627 en 2018 (tasa de encarcelamiento, de 101 a 207 por 100.000
personas), mientras que el nimero de casos de TB entre los presos aumentd en un 250% (n = 192
en 2009 versus n =480 en 2018). La tasa anual de notificacion de TB entre los reclusos varones
fue de 3218 y 3459 por cada 100.000 reclusos en 2009 y 2018, respectivamente. El porcentaje
de todos los casos de TB ocurridos entre reclusos aumenté del 7,1 % en 2009 al 14,5 % en 2018.
El riesgo relativo de TB en las carceles en comparacién con la comunidad fue de 70,3 (IC del 95
%, 67,7-73,1); el riesgo atribuible poblacional (PAF) a la poblacién general fue del 9,5%. Entre
los 16 centros penitenciarios del pais, dos de ellos -Tacumbu (39,0%) y Ciudad del Este (23,3%)-
representan dos tercios de todos los casos de TB en las carceles. La TB entre los reclusos se
concentra predominantemente en los de 20 a 34 afos (77,3% del total), el doble del porcentaje

de casos para el mismo grupo de edad fuera de prision.

En un siguiente nivel se realizd un estudio cohorte retrospectiva de casos donde se vinculd el
Censo Nacional de Prisiones de 2013 del Ministerio de Justicia con las notificaciones de TB del
PNT de 2010 a 2021. Usamos modelos de riesgos proporcionales de Cox para cuantificar el riesgo
de TB durante y después del encarcelamiento e identificar factores de riesgo intrinsecos de la
prisidn o del individuo. Durante los afios al censo, el 11,6% (1096/9413) enferm¢é de TB. De estos,
el 70,1% (768/1096) fueron diagnosticados con TB en prision y el 29,9% (328/1096) fueron

diagnosticados en la comunidad, segun los registros del PNT.

Para estimar el riesgo de enfermar de TB durante y después del encarcelamiento, el trabajo se

concentrd en cinco prisiones, de las cuales se contaba con informacién sobre las fechas de
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ingreso, liberacidn y/o traslado. Dentro de las cinco carceles del estudio estaban censadas 2996
personas privadas de libertad. El tiempo total de seguimiento de esta cohorte fue de 15.341
afios-persona, con una duracion mediana general de 8,2 afos (RIC: 5,63-9,01). La mediana de
tiempo de encarcelamiento fue de 2,25 afios (RIC: 0,75-4,58). Casi un tercio (31,1%); de la
poblacién penitenciaria se renueva cada afio. Una vez liberados de estas prisiones, la mediana
de seguimiento acumulado fuera de prisién fue de 4,30 afos (RIC: 0,92-7,08). La tasa general de
notificacién fue de 2.940 casos de TB por 100.000 personas-afio. Observamos que el 15,1%
(451/2996) desarroll6 TB durante el total de afios de seguimiento. De estos episodios de TB, el
58,1% (262/451) ocurrieron durante el encarcelamiento y el 29,7% (78/262) de ellos durante el
primer encarcelamiento. Mas de dos quintas partes (41,9%, 189/451) de los casos de TB
registrados ocurrieron fuera de la prision, y el 35,4% (67/189) de ellos ocurrieron luego de su
primer encarcelamiento. La tasa general de notificacidon de TB para la poblacién de estudio fue
de 2.940 por 100.000 personas-afio. Esta tasa aumentd con la duracion del encarcelamiento de
1.335 por 100.000 personas-aiio en el primer afio en prisién a 8.455 por 100.000 personas-afio
después de 8 afios. Entre las personas con antecedentes de haber estado en prisidn la tasa de
TB disminuyd de 1.717 en el primer afio después de la liberacion, a 593 por 100.000 personas-
afio después de 8 afios de seguimiento, pero se mantuvo mas de 10 veces mayor que la tasa de

incidencia de TB de la poblacién general.

En una tercera etapa se realizd una vigilancia gendmica de manera prospectiva, secuenciando
genomas de Mtb, dentro y fuera de las prisiones en las dos dreas urbanas mas grandes de
Paraguay, Asunciéon y Ciudad del Este. Este trabajo fue realizado entre 2016 a 2021. De las
muestras que cumplian los criterios para someter a secuenciacién gendémica, 158 eran de
personas diagnosticadas de TB mientras estaban en prision y 330 eran de personas
diagnosticadas de TB en la comunidad. Se recolectaron aislamientos de TB en Asuncién
(274/488) y en Ciudad del Este (214/488). SE excluyeron 17 aislamientos con evidencia de
infeccion mixta con mds de un sublinaje detectado, lo que finalmente resulté en
471 aislamientos de M. tuberculosis con los cuales se realizaron los andlisis. El 78% (369/471) de
todos los aislamientos se encontraban dentro de 26 grupos gendmicos (cada uno de los cuales
incluia de 2 a 159 aislamientos) definidos por un umbral de 12 SNP. En estas muestras se
encontré evidencia gendmica de transmisidn reciente frecuente dentro de las prisiones y
vinculos de transmision que abarcan carceles y poblaciones aledafas. Se identificé una sefial de
propagacion frecuente de Mtb entre areas urbanas y se pudo seifalar la expansion reciente del

tamafio de la poblacién de los tres grupos de transmision gendmica mas grandes.
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Conclusion

Esta tesis es un retrato epidemioldgico profundo con apoyo de la secuenciacidon gendmica que
describe dindmicas de transmisién del Mtb en prisiones, y desde las prisiones a la comunidad,

los cuales ayudan a identificar prioridades para el PNT de Paraguay y la region.

Se ha descrito el fendmeno de concentracién de la TB en las prisiones en el pais, sus
determinantes y como esta patologia se expande por fuera de la prision, debido a la alta rotacién
de la poblacién penal. El aumento de la TB en las prisiones determina el aumento de la epidemia

de TB también en la poblacidn general.

A través de la secuenciacién gendmica se observd que la mayoria de los casos de TB incluidos
en el estudio gendmico probablemente eran atribuibles a una transmisidn reciente y se
identificaron tres clones dominantes, que se expandieron dramdticamente en los ultimos veinte

afios abarcando prisiones y comunidades circundantes.

Se encontrd un patrén de estrecha relacion gendmica entre Mtb muestreado dentro y fuera de

las prisiones.

Juntos, los hallazgos resaltan la urgencia de fortalecer los programas de control de la TB con alto
enfoque en reducir el riesgo de transmisién dentro y fuera de las carceles, dando la dimensidn
gue corresponde al antecedente de haber estado en prisidn, donde tanto en Paraguay, como en
diversos paises de Centro América y Sudamérica, la incidencia es varias veces mayor que fuera

de las carceles.
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4. Introduction

4.1 Background

TBin prisons has been a long-standing issue, but in recent decades, it has been observed
to be increasingly prevalent worldwide. The prevalence of TB in prisons and its
subsequent impact on the broader community is increasingly being elucidated, with
certain regions of the world identifying it as the primary catalyst behind the epidemic.
Reducing the factors that promote the transmission of TB within prisons has implications

both within and beyond the prison system.

The approach should be broad, involving multiple sectors, rather than limited to the
response of national TB control programmes. The objective of this section is to provide
an overview of the current global status of this significant public health issue. | examine
successful control strategies and highlight the primary challenges faced by national TB

control programmes in mitigating the escalating trend of the TB epidemic within prisons.

4.2 TB and prisons: an enduring, pernicious partnership

The nexus between prisons and TB is not new. This ancient disease has been linked to
prisons for >200 years. The industrial revolution brought with it the institutionalisation
of prisons in many western cities, and here Mtb found the ideal conditions to flourish as
one of the leading causes of disease and death until well into the 20th century (5-7)

(Supplemental material 1).

The second half of the last century saw significant progress in TB control, but prisons
were again at the centre of the TB epidemic in the last two decades of that century (8).
The emergence of the HIV epidemic and the rise in illicit intravenous drug use
exacerbated the issue, causing a resurgence of TB. The problem was further complicated

by the emergence of drug-resistant cases, which coincided with the dissolution of the
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Soviet Union and the birth of newly independent states lacking proper prison systems
and effective national TB control programmes (9). All of this created a challenging

situation for TB control, particularly in countries with large prison populations (10-12).

Due to these issues, in the final decade of the 20th century, 28 countries of the European
region of the WHO formed a network dedicated to improving prison health. The Health
in Prisons Program Europe is the only WHO network on this topic; it does not exist for
other regions. It has greatly facilitated the exchange of experiences, the evaluation of
the impact of various interventions and the development of best practices for the prison

environment (13,14).

Asia houses most countries with the highest number of prisoners globally. The countries
leading the list include China, India, Indonesia, Thailand, Iran, and the Philippines.
However, the rate of incarceration is generally lower (15). Among the 30 countries with
the highest incarceration rates globally, Turkmenistan and Thailand have high rates of
570 and 411 prisoners per 100 000 people, respectively, placing these two countries
alone in that category. It is worth noting that the incidence rates of TB in prisons are

high, especially in South-East Asian countries (Figure 1) (16,17).

The continent of Africa does not have the highest incarceration rates in the world. The
countries of Rwanda, Namibia, Cabo Verde and South Africa have the highest rates in
the region, ranging from 580 to 250 prisoners per 100 000 of the population (18-20).
However, these countries are not among the top 30 nations with the highest
incarceration rates globally. The incidence of TB in prisons is substantial, but the
magnitude of the TB issue outside prisons is more significant. There are studies
conducted in sub-Saharan countries that demonstrate how overcrowding and
inadequate active case finding have amplified the risk of TB transmission in prisons

(21,22).

In the Americas, especially in the USA, the problem is the high level of incarceration of
its population, which has been growing steeply since the 1980s (23). It is currently the
country with the second highest number of people deprived of liberty (PDL) behind
China and has some of the highest incarceration rates in the world. Labelled the prison—
industrial complex, the USA has ~8% of its prison population in private prisons and the
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rest in the federal system. In both, mass incarceration is associated with TB, and TB rates
among incarcerated people are five times what they are outside prisons (24-26). Latin
America and the Caribbean (LAC) have experienced the greatest increase in
incarceration rates over the past decade, which has in turn amplified the TB epidemicin
broader communities (1). LAC saw substantial progress in reducing the burden of the TB
epidemic during the first 10 years of this century, but the increase in TB in prisons has
been undermining the achievements of national TB control programmes in the region.
In addition to the recent increase in the prison population in the last years, prisons in
LAC are characterised by overcrowding, high levels of violence and subhuman conditions
for prisoners, an explosive mix that today fuels the spread of TB in prisons and ultimately

into their surrounding communities.
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FIGURE 1. Relationship between study-specific TB incidence in prisons and TB incidence in the general
population. Incident rate ratio in prisons versus the general population: 4.1 in North America, 12.6 in
Africa, 11.7 in South-East Asia and 26.9 in South America (27)

A study conducted by Cords et al. (27) revealed an intriguing finding on the ratio
between the incidence of TB in prisons and the general population. According to this

study, LAC countries exhibit values that are two to five times higher than other regions
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across the globe. These effects of prisons amplifying community TB epidemics, well

described in Latin America, probably affect Asia and Africa as well (28,29).
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FIGURE 2 Trends in tuberculosis incidence estimates among incarcerated individuals compared with the

general population for each WHO region from 2000 to 2019 (30).

4.3 Epidemiology of incarceration and TB

There were an estimated 11 million PDL in the world in 2022, but it is likely that two or
three times this many people pass through prisons every year (31). In the last two
decades, global incarceration increased by ~24%, but the region with the greatest
increase was LAC, with an increase of >200% in the same period. The largest increases
were seen in countries such as El Salvador (411%) and Ecuador (367%) (31). This sharp
increase in incarceration has outpaced growth in the capacity of the prison environment
and health services, leading to rising overcrowding and inadequate capacity to meet

health needs (1,27) (Supplemental material 2).

The overall incidence of TB in prisons exceeds the incidence in the general population
by 10 to 100 times, varying by country (Figure 2 and 3). Furthermore, data on TB in

prisons are not always reported to ministries of health (32). South American countries,
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on average, have more than 25 times the incidence of TB in their prisons than in the
general population, followed by Africa, the Eastern Mediterranean and the South-East
Asian region (27). The median estimated population attributable fraction of TB to prison
exposures was 8.5% (interquartile range (IQR) 1.9-17.9%) in high-income countries and

6.3% (IQR 2.7-17.2%) in low—middle-income countries (LMICs) (1,33).
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FIGURE 3. Increasing burden of tuberculosis among PDL in central and South America (A) TB case
notification rate among PDL (from 2008 to 2018 ). The percentage of tuberculosis notifications among PDL
in central America (B) and South America (C) from 2008 to 2018. Countries with more than ten cases
among PDL are included for central America and more than 100 cases among PDL for South America. Time

series of case notifications among PDL differ across countries. PDL=persons deprived of liberty (1).
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As stated by Tavoshi et al. (34), “Confinement does not contain the disease”, based
mainly on the fact that a prison population is characterised by high turnover. For
instance, in an Irish prison, following the identification of only two TB cases among
inmates, intense active case finding was undertaken, and molecular epidemiological
evaluation led to the identification of more than 30 confirmed cases among prisoners,
prison staff and in the community (35). In another study conducted in Uganda, it was
shown that people with a history of imprisonment (even for a short time) were twice as
likely to develop TB, and the population attributable fraction of incarceration-associated

TB in this community was substantial (26%, 95% Cl 20—32%) (36).

The incidence of TB among former prisoners is high. In a case—control study associated
with molecular methods, Sacchi et al. (37) saw that, over the course of 4 years in a
medium-sized city in Brazil, a quarter of TB cases were found to have occurred among
prisoners, who made up <1% of the general population. This study revealed that former
prisoners had 23% more TB cases in comparison with the general population. In the case
of ex-prisoners who contracted TB, 83% (10 out of 12) were diagnosed within the first 2
years following their release from prison, indicating that they were probably infected in
the prison environment (37). The same study showed that among the 97 M. tuberculosis
isolates for which restriction fragment polymorphism (IS6110) genotyping was
performed, 79 were classified into 17 clusters (37). Ten of these 17 groups (82%) were
composed of PDL and community members, including ex-prisoners. About 41% of the
community isolates were genetically like prisoner or ex-prisoner isolates, and Bayesian
phylogenetic analysis showed a new clonal TB outbreak that spread to both prisons and
the community. These results demonstrated a high degree of connectedness between
M. tuberculosis strains circulating in prisons and in the community, indicating the role
of a reservoir and transmission amplifier played by prisons, as proposed previously by

Sacchi et al. (37) and Basu et al.(38).

The risk of developing TB increases during incarceration and remains elevated for years
after release. A recent study revealed that TB incidence after 1 year in prison was 111

per 100 000 of the population, increasing to 1303 per 100 000 after 5.2 years in prison.
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Once released, the rate declined to 229 per 100 000 and after 7 years, it declined to 42

per 100 000 but was still higher than the general population (Figure 4) (39).
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FIGURE 4. Incidence of TB among (A) Mato Grosso do Sul prisoners and (B) ex-prisoners based on length
of incarceration and length of time following incarceration, respectively, with 95% bootstrap confidence

intervals in blue shading. Histograms of individuals included in each survival analysis are overlaid (39).

The spillover of TB from prisons to the community is a phenomenon that has been well
described in Brazil, Peru and Paraguay, (4,37,39-41). Studies reveal that the
concentration of epidemics in prisons can cause a spillover effect on neighbouring
communities, resulting in genetic epidemiology clusters among PDL, formerly
incarcerated people and those who have never been to prison. In Paraguay, 50% of these
clusters involved both PDL and non-PDL (including individuals with no prior
incarceration), while former PDL accounted for 85% of TB cases with recent transmission
evidence found within these cluster (42,43). Spillover also occurs with cases of MDR-TB,
as described in Lima, where non-PDL patients have MDR-TB strains that are genetic
matches to strains collected from current PDL with MDR-TB (40). A recent study in
Thailand found that formerly incarcerated TB patients were 4.7 times more likely than
nonincarcerated TB patients to be linked with other patients in large transmission
clusters (29). This association suggests that their genotypes could have circulated in

prisons and spread to the community.
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Most TB cases in prison are the result of recent infection; genomic epidemiology studies
conducted in Brazil and Paraguay have demonstrated the similarity between the clusters

occurring in prison and explain the impact of recent transmission in this context (42,43).

The majority of PDL belong to groups that are already more vulnerable in society,
including the poor, people who use drugs, indigenous populations, LGBTQ+ minorities,
and immigrants (44,45). This is exacerbated by the fact that their pre-incarceration
circumstances already place them in a group with a higher incidence than the general
population. Additionally, it should be noted that, in many instances, incarceration is the

first opportunity for an individual to interact with the health system(44,46).

Beyond individual risk factors, the prison environment contributes greatly to the
transmission of TB because of structural factors, whereby people are confined in
overcrowded, poorly ventilated cells and are underfed, with limited access to medical
care and poor diagnostic capacity. An ecological study with data from more than 5500
Brazilian municipalities showed that prison is an independent factor associated with a
higher incidence of the disease and is as important as income inequality and poverty

(47).

To evaluate the role of the prison environment in TB transmission, Urrego et al.
(48)collected architectural and environmental data from 141 cells in three prisons in
Brazil. Using a Wells—Riley-based model of TB transmission, they found that enhanced
passive diagnosis alone would have minimal impact on transmission. By aggregating
inmate movement data in two of the study prisons, they constructed dynamic contact
networks, combined with TST conversion and TB incidence. The risk of TST conversion
was determined primarily by: 1) daily TB exposure in a cell; and 2) the smear result of
the case, with a three times higher risk for smear-positive case contacts. This confirmed

the influence of the prison environment on disease transmission (48).

Re-entry to prison is also very frequent, and some studies show that one-third of the
prison population have been in prison previously (49). The flow in and out of a prison

can reach three to five times the stable size of the prison in a single year (50). This
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explains how prisons are intensely linked to the population to which they belong (figure

5) (51-53).
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hygiene; f: transfer between and within prisons; ##: lack of coordination between prison and general

health services. (50)

4.4 TB genomic surveillance to prisons and community

Mtb subtyping has been possible since 1990 using various DNA fingerprinting
technologies(54,55). The identification of closely related strains makes possible to
detect clusters of cases that may be linked to recent transmission, cases requiring
additional investigation and potential intervention. Whole Genome Sequencing (WGS)
offers significantly superior subtyping resolution than older equipment, thus providing

greater confidence in involved case relationships(56).
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Using WGS for TB investigations has also been proven to be more effective in several
high-income countries such as: UK, Canada, and Netherlands(54,57,58). WGS helps
define outbreaks more precisely, provides insights into transmission dynamics, and
sometimes identifies previously undetected cases, as well as possible "super-
spreaders," that should be isolated and treated first. Among other things, WGS can be
used to determine whether recurrent cases are the result of reactivation or reinfection,

which is helpful in the evaluation of a NTP's effectiveness(54,59).

Among moderate to high burden TB countries that includes mainly low an medium-
income levels, the introduction of this capability can prove highly beneficial in
prioritizing specific investigations(60). In particular, those related to next-generation
sequencing (NGS) for expanded or mass use from sputum samples with positive
bacilloscopy, which are already being conducted in many research fields(61,62).
However, their costs and technical complexity avoid them from being routinely used in
some places. By facilitating implementation and making it more cost-effective, this
technology can enable rapid inference of susceptibility to certain drugs, as well as
identify recent transmission phenomena and estimate the impact of certain lineages at
the population level. In addition to supporting early treatment with appropriate
medications, techniques such as NGS will reduce the need for routine phenotypic
testing, which is complex, slow, and difficult to maintain in laboratory settings with

limited funds and resources(54).

The significant gaps in TB incidence between prisons and surrounding communities are
well-documented. However, directly linking TB cases in the community to transmission
from prisons presents challenges. Most prior studies addressing this issue have relied on
classical epidemiological associations. Genomic surveillance in these settings assists to
identify overflow events more accurately, allowing for a better assessment of the impact
of high transmission environments (such as hospitals, mining work, and prisons) on TB

transmission in the general population.

In Central West Brazil, close to Paraguay, during 2014 to 2019 were performed an
interesting experience about linked Mtb genomic surveillance to detailed individual-

level incarceration background, to build high-resolution population-wide TB
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transmission, in a prison-to-community TB disparity of extreme proportions(42). This
study evidenced that the genome sequences of TB cases among the incarcerated
population and the community exhibit significant similarity, closely aligning in
evolutionary terms, and sometimes even reaching identical matches. The Mtb clones
identified encompassed both incarcerated individuals and the community, while the
genomic clusters included individuals with and without a history of incarceration (Figure

6).

1 Formerly incarcerated
2+ Incarcerated
4 * No incarceration history

FIGURE 6. Central West Brazil whole genomic sequencing for prisons-to-community tuberculosis
transmission study, 2014-2019. A haplotype network of the single largest genomic cluster, including 170
isolates. Nodes represent unique haplotypes and are scaled to number of isolates. Points along branches
indicate SNP distances between haplotypes. Node colour indicates incarceration status at the time of

diagnosis (63)

Within the genomic transmission trees, evidence revealed recurrent infection spread
across all major cities within the state and throughout the sampling years, indicating
that transmission is not confined to a single prison but rather extends to a broader

incarceration system.
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The movements of individuals within the Brazilian penal system form a tightly
interlinked network of contacts, which accelerates the spread of Mtb between prisons
and heightens the risk of infection in the broader region. This, in turn, extends the
impact to the wider community. Consequently, this genomic study highlights the pivotal
role of penitentiary transfers in Mtb dissemination within prisons, leading to the
emergence of new disease clusters. This case may exemplify the broader dynamics

observed with a range of other pathogens.
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FIGURE 7. Phylogenetic tree of patients with pulmonary tuberculosis of Mycobacterium
tuberculosis lineage in study of risk for prison-to-community tuberculosis transmission, Chiang Rai
Province, Thailand, 2017-2020. Scale bar indicates 0.01 substitutions per site SNP, single-nucleotide

polymorphism.

In recent years, from 2017 to 2020, a study was conducted in Thailand involving the
whole genome sequencing of Mtb to identify clusters and their correlation with a history
of incarceration(29). The Thailand TB burden is high, and in 2021 the country had the
largest inmate population in Southeast Asia (411 inmates/100,000 population). In this
study four major genotypic clusters were identified, with 28% of patients within these

clusters having a history of incarceration. Patients with prior TB-related incarceration
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were more probable to be included in larger clusters than non-incarcerated.
Furthermore, patients with tuberculosis within these major genotypic clusters were

geographically dispersed throughout the same province (Figure 7).

The Thailand study found that formerly incarcerated TB patients were 4.7 times more
likely than nonincarcerated TB patients to be linked with other patients in large
transmission clusters. The association between being in a large cluster and having a
previous incarceration history suggests that these genotypes could have circulated in

prisons and spread to the community(29).

In this both countries, the rapid rise in incarceration rates and absolutely discrepancies
in tuberculosis incidence between inside and outside prisons, suggests that spillover of
infection could contribute to community TB transmission. A previous study in Georgia
estimated that 31% of all multidrug resistant TB cases were linked to prisons directly or
indirectly(58). But both studies cited before (Brazil and Thailand) had a conservative
transmission inference framework, because identifies a minimum contribution of
spillover to total community transmission, even so, it still appears to be in line with the

Georgia finding.

Prisons and other detention centres have served as reservoirs for other pathogens
including meningococcus and SARS-CoV-2(64,65). Prison transfers have also spread of
SARS-CoV-2 across prisons in California, resulting in widespread outbreaks(66). TB is just

one example of several pathogens, so Brazil and Thailand studies are only indicative.

The doubt in the number of spillover events reveals the complexity in transmission
reconstruction in an endemic situation where Mtb sampling is partial. The findings
emphasize the potential for connecting additional information to reduce uncertainty in
transmission inferences. Moreover, additional approaches are reasonable to enhance
the accurate representation of variation within individual Mtb infections. This can be
achieved by integrating genomic variation of Mtb within the host or by capturing
variation across the whole Mtb genome, including the varied PE/PPE genes, which were

omitted from these analyses(42).
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So far, genomic evidence has been presented that the risk of tuberculosis contagion
from prisons to surrounding communities has been very high in Brazil and Thailand. The
dramatic expansion of incarceration in recent decades has put a growing population at
extremely high risk of contracting tuberculosis; This risk extends to surrounding
communities. Therefore, reducing the excessive risk of tuberculosis transmission within

prisons and other detention facilities is an urgent public health priority.

4.5 Screening TB in prisons

In most prisons, TB is discovered through passive surveillance, through the recognition
of respiratory symptoms among PDL presenting for evaluation to prison health units, or
with diagnosis by sputum smear microscopy and/or sputum culture and, where
available, CXR. However, in the majority of LMIC prisons, the TB diagnosticinfrastructure
is limited, and delays are the norm. Often, samples or PDL must be transported to
facilities with diagnostic capacity, which adds to costs and results in delays or missed

diagnoses (67).

Involving trained incarcerated peer educators in TB control in Ethiopian prisons
significantly improved TB case detection rates (68). Several LMICs have made important
progress in incorporating more sensitive methods for diagnosing TB and detecting drug
resistance, such as rapid molecular tests (e.g. Xpert MTB/RIF; Cepheid, Sunnyvale, CA,
USA), which are recommended by the WHO, as smear microscopy only detects 50-60%
of all TB cases. However, interventions are still needed to shorten the time between
disease onset, diagnosis and initiation of treatment, because delays potentiate
transmission in the prison environment (69). Therefore, it is essential to seek new

strategies for TB control in prisons that are cost-effective and locally feasible.

In 2021, the WHO updated the TB management guidelines, and in its module 2 on
Systematic Screening for TB Disease, it strongly recommends that the Ministries of
Health and Justice invest in TB screening in prisons (70). They propose that screening
should always be performed on entry, annually and on exit to prevent TB transmission

both in the prison and in the community at large. This seems an excellent
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recommendation but does not consider that in many LMICs it may not be feasible to
perform screening at three time points without increased financing for TB programmes.
Amid resource constraints, there is a lack of evidence about which screening strategies

should be prioritised.

Existing reports on mass TB screening in prisons are not clear about the costs involved.
Some cross-sectional studies show a high yield from annual TB screening; however, the
impact on reducing transmission and on the cost-effectiveness of this activity is not well
understood. Due to the combination of the high burden of disease in LMIC prisons and
the typically short period of incarceration, identifying cost-effective strategies for mass
diagnosis, as well as preventing TBIs during incarceration, may be keys to disease control

(71-74).

Mathematical models have predicted that a combination of different strategies could
considerably reduce TB incidence in prisons. Mabud et al. (39) proposed through
modelling that combined interventions reduce TB incidence in PDL by 75% and by 35%
in the community after 10 years of interventions. In their proposal, it is striking that exit
screening is more cost-effective than entry screening. By returning PDL to the
community, an individual is moved from a high-incidence environment to a low
incidence environment; focusing efforts on people leaving high-incidence settings can
have a greater impact on community transmission. However, it also generates an
important impact inside the prison, due to the high percentage of prison re-entries that
may occur. It should be noted that this model did not consider the transitional states
between infection and active disease and their role in the chain of transmission (Figure

8) (39).

36



0—{ | }. [ ]
Combined intervention-

ﬂ} -
Active diagnosis [H
‘
Passive diagnosis- H:I

ﬂ]‘ [ 1 Pprisoners
[ General population

Secondary IPTH

Exit screening ID

Entry screening- {”;[[

T T T 1
0.00 0.25 0.50 0.75 1.00
10-year proportionate reduction in TB incidence
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beyond this range. IPT: isoniazid preventive therapy (39).

There are still open questions about how to reduce the exorbitantly high rate of TB in
prisons and define the best intervention. An annual mass screening study in Brazil has
shown that mass active searches in prison double the incidence found in prisons that
only detect TB passively (75). In addition, this study showed that more non coughing or

totally asymptomatic cases tended to be picked up as screening rounds progressed (75).

Da Silva Santos et al. (76) evaluated the performance and cost of mass screening in
prisons, comparing different screening strategies for all PDL. No one strategy was far
superior to the others, so the main message of the study, and for public health in

general, is that there is no best strategy, but there are strategies available and their
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implementation will depend on the characteristics of the prison and the country (Table

1) (76,77).

Because mass screening of all PDL can be very costly, one alternative is to pool sputum
samples for testing by molecular diagnostics, followed by individual confirmatory testing
of samples from pools that screen positive. A recent study in Brazil compared individual
testing with the Xpert MTB/RIF Ultra test with pooled sputum sampling using Xpert
MTB/RIF Ultra; the sensitivity and specificity of sputum pooling were high (sensitivity
94%, 95% Cl 88—98%; specificity 100%, 95% Cl 84—100%), regardless of the pool size.

Participants Mean Cost

Screened per Case
Cases Missed % Yield with Xpert Detected
Strategies Diagnosed Cases (95% ClI) Ne uss$
All cases 214 485
Comparator groups
Strategy 1: Sputum Xpert for all
participants 160 54 74 (68-71) 1452 249
Strategy 2: Symptom screening 141 73 65 (59-71) 1163 255
If positive: Xpert
Strategy 3: Chest radiography (CAD4TB) 138 76 64 (57-70) 383 370
If score 60+: Xpert
Strategy 4: Symptom screening 163 51 76 (70-81) 1248 395

If positive: Xpert
If negative, CXR (CAD4TB) followed bt

Xpert of score 60+

Abbreviations: CAD4TB, ComputerAided Detection for Tubertculosis; Cl, confidence
interval; CXR, chest radiograph;

MTB, Mycobacterium tubertculosis; RIF, rifampicin; US, United States;

Xpert, MTB/RIF assay.

TABLE 1. Yield and Cost Diagnosed for 4 Tuberculosis Screening Strategies. From Da Silva Santos et al,
2021. (76)

This approach was more efficient than individual testing across a broad range of
simulated TB prevalence settings and enabled active case finding to be scaled up while

containing costs (Figure 9) (77).

Regarding CXR, computer-aided detection technology can be useful when established

equipment is not available in prisons and when a trained technician is lacking, which is
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common in prison settings. A study by Soares(78) et al. found that three commercially
available systems all had high accuracy (area under the curve >0.87) compared with
sputum Xpert MTB/RIF testing, with two of the systems exceeding the WHO target
product profile benchmarks for a nonsputum-based screening test. In addition, the
automated CXR scores were strongly correlated with bacillary burden, suggesting CXR-
based screening may identify participants who transmit the most. Similarly, the
investment of automatic radiography equipment for mass screening is recommended,
as it ends up lowering the costs of screening in the long term (Table 2) (78-81). The
limitation is that these radiographs lose their sensitivity and specificity with increasing
age. However, CXR-based diagnosis may still be useful in prisons, where the average age
is <35 years. However, specificity is also lost if the individual has previously had TB, which

is more common in prisons.
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FIGURE 9 Number of Xpert MTB/RIF Ultra cartridges needed per TB case detected according to pool size

and population TB prevalence (77).

A recent review study found that screening tools with higher sensitivity, such as Xpert
tests and CXR, are linked to lower estimates of the number needed to screen (NNS).
However, the NNS for active case-finding strategies varies greatly among adult risk

groups, particularly in prisons.
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Across screening methods, there was no significant difference in the NNS for prison
inmates between low/moderate- and medium/high-incidence settings. This suggests
that prison inmates are at a high risk for TB, regardless of the local TB incidence, and
should be prioritised for high-sensitivity screening by TB management programmes (82).
However, a study conducted in Malaysia found that among all risk groups for developing
TB, such as diabetes patients, smokers, drug users, haemodialysis patients and those
with rheumatoid arthritis, the three most cost-effective strategies for mass screening

were screening of prison populations, individuals >60 years of age and HIV patients (83).

At pre-defined thresholds At 90% sensitivity, 4% prevalence
System AUC (95% ClI) Sensitivity % Specificity % Specificity %
(95% Cl) (95% Cl) (95% Cl) PPV% NPV%
CAD4v6 0.87(0.85-0.90) 80.7(75.4-85.3) 82.7(80.8-84.4)  62.3(52.0-73.1) 9 99.3
LunitTB 0.91(0.88-0.93) 79.9(74.5-84.6) 89.8(88.3-91.2) 83.7(72.4-87.3) 18.7 99.5
gXR 0.90(0.87-0.92) 74.5(68.8-79.7) 89.4(87.9-90.8) 74.2(60.2-81.3) 12.7 99.4

TABLE 2. Sensitivity, Specificity, Area Under the Curve (AUC), Positive Predictive Value (PPV) and Negative
Predictive Value (NPV) of each algorithm at pre-defined thresholds or with thresholds adjusted to 90%

sensitivity as specified by the WHO Target Product Profile minimum target. From Soares et al, 2023. (78)

Finally, to date, there is no evidence that more than once-a-year mass screening would
be preferred, by whichever technique. Simultaneously, the role of asymptomatic
individuals as important players in transmission of the disease is increasingly evident,
which encourages mass screening to include this group of individuals actively, rather

than waiting for TB symptomatology, in settings with a high TB incidence (79).

The WHO has prioritised the search for TB diagnostics other than those based on
sputum, such as exhaled air, oral fluids and blood. Currently, the electronic nose
(eNose), which has previously demonstrated specificity and sensitivity to diagnose or
rule out TB, was not as good as expected in prison populations (84). Cox et al. (85)
showed that use of the Xpert MTB/RIF Ultra with oral swab specimens provides poor
yield for microbiological PTB confirmation in children. When Lima et al. (86) tested

prison populations using swab-obtained oral fluid with the Xpert MTB/RIF Ultra for
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diagnosis of PTB, they found comparable sensitivity to sputum when the individual’s
semi-quantitative mycobacterial load was medium and high (86). A case—control study
of point-of-care C-reactive protein in blood and the Xpert MTB-Host-Response test did
not meet with the WHO target product profile benchmarks for a triage test (87). In
conclusion, these studies have not yet demonstrated sufficient superiority over sputum
molecular testing and are affected by the person’s semi-quantitative mycobacterial

load.

4.6 LTBI in prisons: the great challenge

LTBI is often cited as the reservoir of the TB epidemic. Worldwide, an estimated 1.7
billion people are living with LTBI, usually without symptoms (88). Without treatment,
5-10% of people with LTBI will develop active TB at some point in their lives. This
scenario can be much worse in prisons. The greatest risk of progression to active disease
is known to occur in the first 2 years after infection. Considering that most people serve
an average of 48 months in prison, reducing infection through TPT could also have an

impact on the incidence of the disease (89,90).

Currently, TB control in the penitentiary system is based on the screening of persons
with active TB and their respective treatment, with little or nothing done about LTBI.
The new WHO guidelines only briefly mention PDL among other risk groups and mention
the diagnosis and treatment of LTBI in a practically conditional manner (70). Thus, no
country will routinely make the effort to find and treat LTBI in prisons, especially in

LMICs where the problem is greatest.

LTBI diagnosis is difficult, with the diagnosis being made by in vivo or in vitro stimulation

with Mtb antigens, used in a TST or IGRA.

The TST is widely used and inexpensive but has low specificity in BCG-vaccinated
populations, and it is subject to cross-reactivity with nontuberculous mycobacteria and
has low sensitivity in immunocompromised individuals. The low cost makes the use of
the TST advantageous, as does the relative simplicity of the technique, which requires

only personnel experienced in intradermal applications. However, the number of false-
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positive diagnoses (up to 30%) induced by the booster effect and the need for two visits
with a 2-5-day interval for induration reading must be considered, as self-reading is
associated with a high error rate. However, revisiting PDL may not be as difficult in

prisons as it can be in the community (91-93).

The IGRA has a higher specificity than a TST, but recent studies have shown that
conversions (from a negative to a positive result) and reversals (from a positive to a
negative result) are more common with the IGRA than with the TST. In addition, the
IGRA is more expensive and requires laboratory support, so there is currently no ideal

method for diagnosing LTBI, especially in LMICs (93-95).

HIV testing should also be performed when looking for TB and LTBI. Most of the time,
the presence of HIV influences the detection of symptoms and interpretation of the

diagnostic test results of TB and LTBI (96).

Few studies have been carried out on LTBI in prisons. However, it seems clear that in
high-incidence populations or people who have been in prison, the prevalence of LTBI is
elevated compared with the general population. Furthermore, in prisons with high
infection rates, these individuals may be at higher risk of developing TB due to their
susceptibility to infection (92). Therefore, it is proposed that LTBI screening should be
performed at prison entry and perhaps periodically to assess for recent infection. In
settings with a high incidence of TB, screening for active TB and recent infections could
be performed more than once a year to identify newly infected persons and thus

prevent the disease (97).

Diagnosis and treatment of LTBI are crucial for disease control, especially in countries
with high prevalence or simply in highly endemic settings such as prisons. Mathematical
models show that if 8% of people with LTBI could be permanently protected each year,
the global incidence in 2050 would be 14 times lower than the incidence in 2013,

without the need for additional intervention (98).

In Pakistan, a programme for TB prevention in prisons provided universal TPT without
LTBI testing. The justification is because in high-transmission settings: 1) the risk of a

false-negative TST/IGRA result is high; 2) TPT prevents infections while it is being
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performed; and 3) the costs of TPT alone are already sufficiently lower than any IGRA

test (99). This reflects the global scarcity of tuberculin at times.

Regarding treatment of LTBI, the historical regimen has been isoniazid daily dosing for
6—9 months for TPT in prison settings. However, it is well known that this has low levels
of adherence and less than half of cases complete the treatment, mainly because of its
length. The new shorter regimens have shown superiority to the longer ones, simply
because of higher adherence and even lower toxicity. Short weekly treatment regimens
of isoniazid with rifapentine for 3 months (3HP) are an excellent opportunity for use in
these settings. Recent studies in prisons in the USA, Pakistan and Malawi have shown a
>86% completion rate of short-course TPT (3HP) among those who initiated treatment.
Although the cost of the 3HP regimen is much higher, the fully treated patient cost is
lower than isoniazid treatment, making it a cost-effective action for providing LTBI

treatment in prisons (99-103).

In August 2022, Unitaid, The Aurum Institute, Clinton Health Access Initiative and
MedAccess announced new agreements to reduce the price of rifapentine-based
treatments to prevent TB in LMICs. This should be a catalyst for the implementation of
the new reduced schemes for prison settings. The new affordable prices will be available

in 138 LMICs, including those with the highest TB burdens globally (104).

New ultra-short 1-month TPT regimens of isoniazid and rifapentine appear to be
successful for people with HIV, and their use in people without HIV is still being studied

(104,105).

4.7 Prison health and public health

Given the important role prisons play in amplifying TB epidemics in the broader
population, TB interventions performed in prisons are likely to confer broad health

benefits in the general population (106).

Identifying a strategy for reducing TB in penitentiary institutions is not simply a matter

of selecting a method as in a usual health service, focused on cost-effectiveness.
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Because it will be carried out in a socially difficult environment, in which certain social
relationships are often imposed, this ostensibly makes it more difficult (107). Even the
movement of PDL from their cell to a particular location for a Chest X ray is governed by
these relationships, mediated on the one hand by the set of rules imposed by the prison
system and on the other by the PDL themselves (108). Studies in prisons also raise ethical
issues to be considered, as research actions or new massive measures are often
confused with coercive measures against someone who is in a situation of vulnerability,
serving a sentence. Adherence to high ethical values and the preservation of human
rights is extremely important in designing and conducting research involving PDL

(109,110).

The most impactful solution for the crisis of TB in prisons is likely to be addressing the
rising rates of incarceration through criminal justice reforms and decarceration (25).
Paraguay has the highest number of pre-trial detainees in Central and South America
(Figure 10). However, while we await legal reforms, departments of health should
provide and take responsibility for prison health services and advocate for healthy

prison conditions (111).

More recent data confirm that the performance of prison health services can be
significantly improved after transfer to departments of health, and that such transfers
can support the development of prison health indicators, the evaluation of service
performance and the integration of prison health data into national health statistics

(112,113).

Greater insight into what is happening in prisons with TB, as well as the results of
interventions in prisons, with an innovative approach, resourced by WHO and other
stakeholders, will be crucial to generate the evidence needed to address the growing TB
crisis in prisons. Unfortunately, the WHO did not include the increasing burden of TB in
prisons in its Global TB Report 2022 (114) . Recently, in the Global TB Report 2023,
although weakly addressed, concerns regarding TB in prisons were addressed(2).
Detailed disaggregation of data for prisons in national and global reports is essential for

achieving improvements in tackling the burden of TB in prisons (28).
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FIGURE 10. Percentage of Pre-trial detainee among PDL of Central and South American countries. Source:

Word Prison Brief data (30).

4.8 Setting the stage: TB in Paraguay and its prisons

The entirety of the research undertaken in this thesis is founded upon data and
fieldwork conducted in Paraguay, South America. A portion of the analysis was
conducted using national data provided by the National TB Program (NTP) and the
Ministry of Justice, while other aspects were approached with a specific focus on the
largest prisons and their surrounding areas. As such, obtaining a comprehensive

understanding of the epidemiological context is essential for this research.

Paraguay exhibits a moderate burden of TB, with an average of 2950 reported cases per
year and an annual incidence rate fluctuating between 29.9 and 43.6 cases per 100,000
inhabitants over the past 15 years (Figure 11 and 12) (2). Significant strides have been
made in the country's TB control efforts during this period, including the expansion and
universal access to free diagnosis and treatment, the decentralization of TB clinical
management to primary care, and the strengthening of health policies targeting specific
vulnerable TB groups in recent years (such as indigenous populations, prison population,
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individuals with diabetes, immunocompromised individuals, and those living with
HIV)(115). Despite these advancements, the incidence rate has remained relatively
stable, except for a decline and subsequent resurgence in TB cases observed during and
after the SARS-CoV2 pandemic, as documented in various regions worldwide (116,117).
What changed during this period is the concentration of the TB epidemic within the
prison population, obscuring the progress made among other at-risk groups and the

broader community.
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FIGURE 11. Estimated TB incidence rates, 2022. Global TB Report 2023(2).

Currently, Paraguay hosts 18 penitentiary centres accommodating a prison population
of 17,712 individuals as of 2023 (118). This predominantly male population (97%) has
doubled over the past decade, resulting in unprecedented levels of overcrowding.
Paraguay's total incarceration rate stands at 220 per 100,000 inhabitants(31). However,
the extent of overcrowding varies across the country's prisons, with facilities such as
Tacumbu and Ciudad del Este Penitentiary Centres experiencing higher levels of
overcrowding. Both prisons are situated in the country's two most populous territories,
the first in the metropolitan area of Asuncidn, the capital city, and the second in Ciudad
del Este, the second most populous city, located 300 km from the capital in a border
area known as the Triple Frontier due to its shared boundaries with Argentina and Brazil
(Figure 13). These prisons together house 24.5% of the country's prison population in

2023. Despite efforts by the Paraguayan Ministry of Justice to address this issue, both
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facilities operate at more than double their intended capacity, exceeding 200%,
according to official records. However, when evaluated against international human
rights standards, their overcrowding levels surpass 600% of their designed
capacity(118,119). One positive aspect regarding tuberculosis in Paraguayan prisons is
that inmates exhibit the highest treatment success rates, attributed to the effective

implementation of directly observed treatment(120).
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FIGURE 12. Notification TB rate among prisons population and general population during 2011 to 2022 in
Paraguay. Adapted from NTP, Ministry of Health, Paraguay.

The TB incidence rate in Paraguayan prisons is 70 times higher than in the general
population (4). It is well recognized that TB is influenced by individual risk factors and
determinants such as poverty, substance abuse, smoking, diabetes, HIV, among others.
These factors are also concentrated and disproportionately represented within the
prison population compared to the general population(121). However, perhaps the
primary driver of this epidemiological phenomenon is the poor structural conditions of
the prisons, which have not kept pace with the population growth of the last decade.
Currently, overcrowding, and inadequate ventilation in cells and pavilions may be the

primary factors contributing to the high transmission of TB within prisons.
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This phenomenon, which it will explore and delve into within this thesis, aims not only
to describe the dynamics of the concentrated epidemic within the prison population but
also to explore the impact of that epidemic on neighbouring territories, affecting the
communities where these prisons are situated. It is important to recognize that the
prison population is not static; turnover rates can range from 2 to 5 times the total
population of the facility within a year, considering transfers, visits, permits, and prison
staff(44). Consequently, the significant burden of TB within penitentiary centres extends
beyond their confines, becoming a broader public health concern that spills over into

the wider community.
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FIGURE 13. Population Density Map of Paraguay, peoples per km?2. Total Population 2022: 7,1 million
inhabitants. Adapted from NTP, Ministry of Health, Paraguay.
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5. Hypotheses

5.1 Overall hypothesis of this thesis

Thorough analysis of historical data from the National TB Program (NTP) and the Ministry of
Justice, including the utilization of complete genomic sequencing of Mycobacterium tuberculosis
for cases occurring in prisons and surrounding communities, will provide us with a more precise
understanding of the disease burden attributable to prisons and transmission patterns between
these facilities and the broader community. This information will be instrumental in redirecting

efforts, strategies, and funding toward TB control in the country.

5.2. Specific hypothesis of this thesis

- Latin America and Paraguay seem to be showing signs of a prison-based tuberculosis
epidemic in the last decade.

- Therisk of developing TB in prisons is several times higher than in the community. The
incarcerated population faces the highest risk of TB development.

- Structural building and social conditions within prisons exert stronger influence than
individual determinants in the development of TB.

- Asignificant proportion of TB cases occurring in the community originate from
transmission within the prison setting.

- Individuals with no history of incarceration, current inmates, or former inmates all may

share clusters with signs of recent transmission of TB.
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6. Objectives

6.1 General objectives
The aim of this study is divided into two general objectives:

— To describe the burden and determinant factors of TB disease in both penitentiary
centres and the community using official data from the country.
— To describe the transmission patterns of Mycobacterium tuberculosis in penitentiary

centres and the community through the utilization of genomic analysis.

6.2 Specific objectives

1.- To characterize the TB epidemic in prisons, focusing on Paraguay, and identify changes over

the past decade.

2.- To analyse the risk of TB in prisons compared to the general population.

3.- To identify risk factors associated with the development of TB disease in prisons.
4.- To identify the proportion of prison-associated TB cases in the community.

5.- To determine the lineages of Mycobacterium tuberculosis existing in prisons and their

surrounding communities.

6.- To identify clusters and recent transmission of Mycobacterium Tuberculosis through whole

genome sequencing in both prison and community cases.
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7. Material, Methods, and Results
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7.1- Article 1

Increased incarceration rates drive growing tuberculosis burden in
prisons and jeopardize overall tuberculosis control in Paraguay.

Sequera, V. G., Aguirre, S., Estigarribia, G., Cellamare, M., Croda, J., Andrews, J. R., Martinez,
L., & Garcia-Basteiro, A. L. (2020). Scientific Reports, 10 (1), 21247.

https://doi.org/10.1038/s41598-020-77504-1

Impact Factor: 1.24 (SJR)

Q1 (Multidisciplinary)

Specific Objectives

1.- Characterize the TB epidemic in prisons, focusing on Paraguay, and identify changes over

the past decade.

2.- Analyse the risk of TB in prisons compared to the general population.
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Increased incarceration rates
drive growing tuberculosis burden
in prisons and jeopardize overall
tuberculosis control in Paraguay

Victor Guillermo Sequera™ ", Sarita Aguirre’, Gladys Estigarribia®, Matteo Cellamare®,
Julio Croda®®, Jason R. Andrews®, Leonardo Martinez® & Alberto L. Garcia-Basteiro™”

Incarcerated populations are at high-risk to develop tuberculosis (TB), however their impact on

the population-level tuberculosis epidemic has been scarcely studied. We aimed to describe the
burden and trends of TB amang incarcerated populations over time in Paraguay, its dinical and
epiderniclogical differences and the population attributable fraction. This is an observational,
descriptive study including all TB cases notified to the National TB contrel Program in Paraguay during
the period 2008-2018. We also used case registries of prisoners diagnosed with tuberculesis from the
Minister of Justice. The population attributable fraction of TB in the community due to incarcerated
cases was estimated through Levin's formula. The characteristics of TB cases in and outside of

prison were compared as well as the characteristies of TB in prisons were modified over time. During
2009-2018, 2764 (9. 7%) of the 28, 534 TB reported cases in Paraguay accurred in prisons. The nurmber
of priseners in Paraguay increased from 6258 in 2009 to 14,627 in 2018 (incarceration rate, 101 to
207 per 100,000 persons) while the number of TB cases amaong prisoners increased by 250% (n=192

in 2009 versus n= 480 in 2018). The annual TB notification rate among male prisoners was 3218 and
3459 per 100,000 inmates in 2009 and 2018, respectively. The percentage of all TB cases accurring
among prisoners increased from 7.1% in 2009 to 14.5% in 2018. The relative risk of TB In prisons
compared to community was 70.3 (95% Cl, 67.7-73.1); the overall popul ation attributable risk was
9.5%. Among the 16 penitentiary centers in the country, two of them—Tacumbd (39.0%) and Ciudad
del Este (23 3%} —represent two thirds of all TB cases in prisons. TB among inrmates is predominantly
concentrated in those 20-34 years old (77.3% of all), twice the percentage of cases for the same age
group sutside of prisan. Our findings shaw that the TB epidemic in prisons represents one of the most
impartant challenges for TB control in Paraguay, especially in the country’'s largest cities. Appropriate
TB contrel rmeasures amaong incarcerated populations are needed and may have substantial impact on
the overall TB burden in the country.

Since the beginning of the twenty-first century, various natienal and international legal transformations in
the penal system led to increases in mass incarceration in the Latin America. Paraguay is no exception to this
thlum' *. Prison conditions, such as averc ruwlli.ntl,, [primxr ventilation and limited access 1o health services,
encourage the transmission of several diseases, inchuding tuberculosis (TE)™. In addition, other rigk fctors
conducive for the development of TH infection and active disexie are also commoen among prisoners inclading
alechol or drug use, homebessness, mental illness, smoking, malmatrition, HIV-related immunosuppression,
rior tuberculogs exposure, among athers™. These combinations of individuzal and environmental risk Retors
ead to an extraordinary hiﬁh force of infection and burden of disease in ma.n}"Pr:iM.nu*".
In addition, prisens represent a reservoir for the spread of diseases 1o the rest of the community™*. TB infec-
Liiom can b sprﬂﬂ o the general 'pt.rpu|uliu:r|. alter prisoners are releaded, through the Pri:uns stall who have
permanent contact with the community, and also lhmug]\ visits of family and friends of inmates o prisons.

Unstitute de Salud Global de Barcelona (ISGLOBAL), Barcelona, Spain. *Programa MNacional de Contral de la
Tubsrculosis, Asuncién, Paraguay. Instituto Regional de Investigacion en Sakud, Casquarn, Paraguay. “Federal
University of Mato Grossa do Sul, Carmpo Grande, Brazil. *Dswalde Cruz Foundation, Campa Grande, Mato Grodse
do Sul, Brazil. *Stanford University, Stanford, CA, USA. "Centro de Investigagio em Saude de Manhiga [CISM),
Maputa, Morambique. armail: quillermso segqueraf@ mepbs. gav.py

Scientific Reports |  (zoaa) zo:zz2s7 | https:(idoi.orgiL0. 103841 98- 020- F7504-1 natureresearch

53



Therefore, ransmission dynamics between prisoners and the general population play a key role in driving dis-
ease in the ﬁunm.'l ation'™ " The prison environment, mose so than the prison Pupul:tiun itsell, drives
TB mﬂ?ff and directed interventions within prisons could have an important sutcome on the broader TR
epidemic™

F Priority TH- control interventions among inmates include the early diagnosis and treatment of TH cases.
Rut;ul:r t:uuniug for TB symploms and the purﬁhﬂu:m:u of smear micrascopy, culiure, or mp:id. muolecular
dizgnostics are impertant o improve case detection. Howeves, TB prevention and contrel efforts in prisons are
often insufficient, such as in F:r.:gua; The lack ol'up!i.m:ﬂ measures for T control at the national bevel may lead
o increasing trends in prison settings® 452,

I recent years, the Paraguavan T8 Codtrol Program (NTP) has seported high rates of tuberculosis among
inmates™”. This information has been critical 1o foster control efforts of the penitentiary TB Epiﬂrmi.c simce 2004,
with coordinated strategies between the Ministry of Health, Penitentiary %‘:Im and Ministry of Justice. These
:Ir.l'l.cﬁicl included the creation of solation rooms for new cases, increased :irupl:ruunlali{m Ol-tytl.emalic Sereen-
ing for TB symptams, and prioritization of molecular TE diagnostics, such as MTE/RIF [ 1 hereinafier)
:rnlsl:u'im i.rg;F.l.E:rnEmﬂ.l I:I:lém'e the broader roll-out in :hrl.?:tl ol the |:|.1|.1|:|Ir:;r:.FErl Npes

This Eh.lﬂ:r ::rng to characterize trends in TE incidence among inmates of all Sxteen penitentiary cenlers in
Paraguay, o identify the sub- pupulaumsul’pnmwdi}ug]inﬂ;uf'rﬂ in addition w differences and clinical
1 and by #en of TH outside and inside prisons, and thus estimate the 'FIOI'P“]:IIII.'ITI attributable fraction
(PAF) of TR prisons in relation 1o the burden of TB in Ilteﬁ,mm.'l pﬂpﬂla!i.ﬂn ol thee country.

Methods

This is a retrospective analysis study of de-identified, secondary data obtained through an official requests 1o the
Penitentiary System, NTP and the national database of demographic statistics of the country from the General
[irectorate of Statistics 51.|nlu:n and Censuses (DGEEC in 5p:mi:l:|'b. covering the periud from 2009 1o 2018, All
sixleen prisons in Pasaguay were included, two of which ane exclusively for women.

TE dia is and reporti cedures in prisons. TE diagnosis, treatment, and surveillance am
:nmtﬁga:?prmn :In.leumI-I:ng'r;.um NTP guidelines'”. Each prison has a professional health care wmirnﬁr
rﬁpmhb]e for TB control. S:r-umu'q_a, for respiralory symploms (ie., I:LHJH]'i of more than 2 weeks, tLﬂ.lﬁl'LlnE

up Bood, unintentional weight less, fever, night sweals) is an active siralegy. Active screening was performed
1.'|1ru|.13]1 regular screening by prison health workers and volunieers responsible for health within Ear:h pavil-
ion. Patients with presumptive TB are examined and sputum samples tested with Ziehl-Neelsen microscopy.
Atﬂ'r.rnl:insm higtarical data of each Frim,:rrl.inin'rmmmber ul-r\eq:imlr.rr:f symploms :i.'iuPanEri,:: a search
indicator, pries 1o sumber of reported cases. Xpert testing is being progressively implemented by prisons since
2015 In the most recent year of the study (2018), .'l:.p!.-.rl was wied Lo riiapl.ue leds than 15% ol TH caies. Each
[prison has a network of kboratories where !I:ui.r:a.rnl:!lﬂ are 'pu'l:u:ub:d. belunsinﬁtr.l the national Fq.lHJc healh
syatem, All procedures, incheding medical evaluation, diagnodss and treatment, was provided without cost 1o the
patient. For admission 1o the prison, 0|1J:r aatandard cdinical miew:i.t'pur.l'mnﬂl. without a TH infection test. A
chest X-ray is only performed if the doctor considers it necessary in the evaluation. Contact tracing in prisons
1% madl Euud, unl\- aclive search of cases in the immediate environment of the confirmed case. ..!.rnr.rnE inales,
TB cases were defined as persons who were diagnosed with TB by clinical or bacteriological criteria and staried
anti-tuberculoss treatment during their period of incarceration.

Data collection and analysis. Individual data were obtained from all TB cases reported during 2008-
2018 in the NTP Surveillance System. In 2009, a new case-notilication form was implemented in this system,
which led o improved documentation and quality of the data according to their incarceration status and the
typeol penitentiary center. At the same time, the health depariment of prisons started a monthly report of prison
Pupu]nliﬁm health focused on communicable diseases, :||1.r_‘|'|.|r]u'|ﬁ HIV and TB cases dias:nuhd and put under
treatment. Therefore, our analysis focuses in the period after which this new systemn was implemented. The vari-
ables included in this analysis were the Fl.'me of residence, sex, age, as well as linical presentation, HIV status
and sputum smear positivity. We caleulated the population attributable fraction of incarceration Lo the general
pﬂ:ﬂm tuberculosis epidemic. The population attribuiable fraction expresses the proportion of new tuber-

infections that woubd hec'll.mm:ll at the population-level had all cases among prisoners not occurred.
The populstion attributable fraction of TE cases in the community due to priseners’ infection for all period was
estimated using the Levin formula®™;

{Incident rate in total population — Incident rate unexposed/Incident rate in total population

Where the whole population corresponds to the total population of the country taking into aceount the pris-
wisers and the unexposed is the pepulation that is eat of prison. To caleulate anmual TB notification rates (cases
jper 100,000 pup:lal!i.{m.]. we nsed tion estimates for P:mﬁu:p of the 2012 census and the turmgr.md.in%
annual projections of the General Direction of Statstics, Surveys and Censuses 25 well 25 the mean number o
prisoners mid-vear reported by the Ministry of justice 1o the Natioal TE Program. The number ol reported cases
corresponds to the eificial data of the National Tuberculosis Control Program. To compare annual TB notifica-
Lion rales among prisoners and non- prisoners, we wied the chi SqUATe Lest 1 Compane the groups ul"pl'i_u.mrnt
and TR PriSOners nmﬁrﬂiuﬁ to their elinical and eFi.d.ﬂ'l'L‘irJl.ﬂﬁi.cal characterigtics. A linear regresiin lesl was
performed 1o analyse the ratios throughout the decade. The statistical analyses were performed in SPSS version
22. The level of statistical significance used was p<0.05. It must be taken into acoeunt that this fermula cannot
estimate the transmission effect.
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Figure 1. Distribution of the incarceration rate and TB nedification rates in the penal system by sex, Paraguay
2009-2018.

Ethics. The Ethics Evaluation Committes of the Central Public Health Laboratory of the Ministry of Public
Health and Social Welfare of Paraguay (International Certification FWA N* FWAOCH20088) approved this
work with the code CEL-LCSP 91/010217.

Results

DIJ.L'.iI'LEIhE]:IEI.'.iI'.'Id.J-:I'IJI:I'I 209 1 2018, 28,534 TH cases were :I'Epﬂ'l'!bd 1o the NTl-"ﬂl’Pamﬁ_lmy.and 2764 (9 7%)
of these cases occurred in prisens. The contribution of TE nadifications in prisons to the overall country TB case
notification increased by maore than 100% from 2009 to 2018 (7.1% in 2009 1o 14.5% in 2018) (Fig. 1). During the
study period, the prison population grew progressively more than 2.3 times, from 6238 1o 14,627 people and the
natimal incarceration rate of Paraguay increased from 101 1o 207 per 100.000. There was a greater increase in
rates of fermale incarceration (11 bo 27 cases/ HELOD0 individuals; 134% increase) than male incarceration rates
{190 1o 411 cases/ 100,000 individuals; 103% increase), though 94.1% of all inmates in 2018 were men (Fig. 11

The annual number of TE cases reporied in prisons increased by 1.5 times during the decade, from 192 cases
in 2009 to 480 cases in 2018, TE notification rate among inmates has shown a non-significant increase, from
3068/100,000 in 2009 to 3281/ 100,000 in 2018 (p=0.988). Similarly, the national TE notification rate remained
stable at around 40 per 100,000 (40.7/ 100,000 in 2009 1o 40000 100,000 in 2018, p valee 0.578). The relative risk
of TE for incarcerated people for the entire time period, compared to general population, was 70.3 (95% C1
67.7-73.1) and did not significant change during the period (p=0872; relative risks of 75.4, 583, 75.7, 74.4. 79.9,
61.5, 60.6, 59.7, 73.9, B2.0 in each year from 2009 1o 2018}, The mean overall iom attributable fraction was
59.5%, increasing significantly from 7.0% in 2009, to 14.4 in 2018 (p=0.001 for linear trend). Figure 2 shows the
progressive increase in the percentage of TB cases over total cases and the stable incidence rate in the decade.

Men represented 93.7% of prison population and 98.7% of TB cases in prison. TH notification rate of men in
prison was 5.1 times higher than women (2B87.7 vs 570 per 100 thousand prisoners)”. HIV status was available
for B7% of patients with TH in prison and 66% ol TB patients in the general population. Availability of informa-
tion about HIV status among TB cases increased considerably during the decade, from 34.4% to B9.4% and 11.1
te B5.4% in prisons and general population, respectively. The prevalence of HIV among TH cases in inmates was
4.8% and 7.2% amonyg TE cases in non-prisoners. The prevalence of HIV among TE patients in prisons was 4.8%
in men and B.3% in female, while outside of prisons was 7.9% and 5.7% in nnlemd]’ﬂm];lpuiaﬂs. ruu-:|.|:|.-|:1.1»-|:l-{L
Bacteriological confirmation was higher among inmates (91.0%) compared to the general population (68.9%
Thl.']:!l:l’&ﬂ!:lﬁr Ol']:r.iﬂmur:l- with exhu-pul:m:rr TH was lower than the Emjm] pﬂ]:!u]:llh:ln 129% vs 9.3%)
and treatment success rales were higher (77.7% vs 67.9%) (Table 1).

The TH case notification rate oulside prisons was 2.2 higher for men than women, but in prisoners, this dif-
ference was 5.1 times. lnmates between 20 and 34 years of age accounted for 77.3% of TB cases in prisoms, twice
the %a-n.-m:p: {38.2%) that this age group accounted for among non-prisener TE cases. The age digributions
of TE case notifications in prisons and the general population were relatively stable over the decade of the study.

Motification rates varied substantially among the country s departments. The highest notification rates were
concentrated in the three regions with the largest indigenouws population, all in the Chaco region. We must
remember that the indigenous population of Paraguay is less than 1.8% of the population (117,150 people) and
the indigenous people in prison correspond o less than 1.5% of the population in prisons.

The highest absolste number of new TH cases were concentrated in cities with the largest population and
incarceration centers. Two penitentiary centers located in large population centers accounted for nearly two-
thirds efall TB cases in the country’s prisons: Tacumbi (390%) in the capital city of Asuncidn and Penitentiary
Center of Ciudad del Este (23.3%). Likewise, the territories where these penitentiaries are located also have higher
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Figure 2. National tuberculosis notification rate and proportion of iuberculosis in prisens among total
tuberculosis cases in the country, Paraguay 2009-2018.
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[T ep— 662 |er# |ar  |&0 &1 |6 0,633
‘Co-ndection TRIVIH, % N EE) 57 44 |48 43 0342
Bactcriokmically confimicd pulmanary, % | 688  |716 | 6le |0 |#L1  |778 0632
Clinicaly disgnosed pulmonssy, % e |7 (=5 [e2 &0 167 0. BA}
Extrapulsisary % 93 a7 s |29 19 3 0362
Trealment sicces,% I CEE N R S 0.431

Table 1. Characteristics of Tuberculosis case-notifications in the General Population and Penitentiary Centers
during the period 2009-2018. *p valses calculated with the Chi-square test comparing prisoners’ data by sex.
*THIV status based on a postive or segative status result or A1DS diagnosis from the time of wberculosis
notification. ***% HIV co-infection calcubsied as percentage positive HIV + results among those with HIV
status reported.

number of reported TE cases at the general population (Fig. 3). Observation of the data in the territory gives o
dimension of the TH problem in large cities and their corresponding prisons. Furthermore, TB in prisons is not
a “rural or indigenous” problem; it is a problem in barge cities.

Colors reflect the number of all TH cases during 2009-2018 in the country thal were diagnosed in each

artment, and the black circles are proportion of TB cases notified among prisoners in each prison (seme
;f‘EPrhu prisons are overlapping) E; /3 of cases were naodified at the two biggest pdmg:‘nprhe m-lEnﬂr:,-:
Tacumbii Prison a.ud.Pﬂur.-unI:Lar:,' Center of Ciudad del Este. These two prisons are kecated in the largest cities of
Pary v Asuncion and Ciudad del Ecte. These territories also have the large uﬂﬂmmmﬂm
of T cﬁumgﬂﬁpmm:mﬁgmshubmgum by on elfthe {MC) with the Open Source
aoftware B version 353 ﬂ'llptl'.l':mn.r\-'pl’ujuchgu"bithﬁnﬂmm‘hm"olt.ll'}jjn'] mﬁhapdkmaﬁmmu
level 2 freely available at hiips://data world/ocha-fiss/21 2cdB2- bob8-4450-Bb32-aa | 94387 3.

Discussion

Although mational TH incidence rates in Paray mnajrﬂ:lmdnngadﬁmrhu ast decade, the number of TH
cases in prisons doubled during this period. These increases among this high-risk pepulation spoil gains from
TE comtrel efforts among the general populstion. This trend threatens achievement of the END TE and Sustain-
able Development Goals T control targets™. These findings highlight the importance of prioritizing national
TE control efforts on prisoner populations.
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Figure 3. Percentage of tuberculosis notifications in the general population by departments and among
prisoners by penitentiary centers of Paraguay, 2009-2018.

The percentage of all TB cases in Paraguay among incarc d persons doubled in the ten-year period, from
7.1 to 14.5% of the total TB cases in the country. Consistent with recent findings from Brazil, the overall T8
incidence rate in Paraguay was stable despite the rising incarceration rate”. These results differ from the findings
of a project with data of 26 eastern European and central Adan countries, which showed that each percen
point of increase in incarceration rates relates to an increased TB incidence of 0.34% for the whole count:y
Several factors, such as different prisons infrastructure; HIV prevalence; or in surveillance, economic,
demographic, and political indicators might explain this finding. Also, there could be a trend towards decline in
Paraguay because the improvement in other health-related indicators, but incarceration offset is such that the
national trend was stable instead of decreasing. Thus, it is likely that national TB figures might not decline until
a considerable reduction in the TB burden is prisons is achieved®.

hmnwdlasmd:gempopulunm.mmcog\mdaalu@ risk TB group in Paraguay, but the assess-
ment of the contribution of TB from indigenous or gmms to the overall TB burden in the community is not
well known™. The high PAF of prison’s TB to overall TB burden (14.4%) indicates that a considerable weight of
national TB burden occurs precisely in prisons. Although the PAF formulae has been used by landmark studies
for global TB burden in prisons, such as a 2010 systematic review (Baussano, 2010). It does not take into account
the cases of disease that arise in the community which are connected to transmission in prisons: in relatives
following infections during prison visits or disease in ex-prisoner after released™™. A recent study from Brazil
found that TB incidence ers is than that of the general tion several years follow-
ing their release, mggelmgm mrmmudmg only msug duration wgen Pnoq:dr:suhs inan m,:errmmaﬁe
of the true effect of prisons on the TB epidemic'®. Nonetheless, a high PAF emphasizes the need for continuous
efforts to prevent the spread of TB within prisoners in order to reduce the overall TB burden.

In prison, individuals that are diagnosed are more likely 1o have bacteriological confirmation compared
with cases occurring outside of prisons. This is similar to results observed in Brazil over a similar period™*.
Prison conditions in Bnnl are likely to be similar to those in Paraguay, especially in the states or departments
::an:: mg the country™. Therefore, there is a need to work on joint transborder TB strategies for prisoners in

Paraguay'®.
The high TB rates observed among inmates in recent years, along with increases in mass incarceration and
overcrowding, tri several interventions and policies on national and international institutions. There were
some reforms i ed in 2014, reinforcing the coordination and governance of the NTP to the staff of health

care workers from the penitentiary centers through an inter-institutional agreement, which have increased the
detection rate in the last years, however, the incidence trend did not change that much. International institutions
such as the Global Fund helped with the creation of exclusive rooms for the isolation of TB cases for the first
months of treatment, but currently this is not enough for the number of cases diagnosed. Due to this collabo-
ration, the roll out of GeneXpert platforms in laboratories near the penitentiary centers was also initiated, but
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the number of platforms in the country is still limited. Other strategies have been suggested, such as prisoner
training to ize their own respi improved quality of sputum or other samples, massive
m X-munM& mhanculmpsu Wm ﬁxgncr pruonq asy onc?:“clmed’- Given the increasing
incarceration rates in Paraguay, a comprehensive reform of the penal system, which does not create conditions of
vulnerability and risk for TB needs to be considered. As an example, acceleration of trial decisions and limiting
the number of prisoners without sentence, could likely contribute to reduced TB numbers™*,

Multi-Drug-Resistance TB (MDR-TB) incidence is low in Paraguay (0.99 per. mo .000 popalation) and,
although there is no data in prisons, it seems to be lower in this ation group®”. Importantly, 2 majori
of the TB burden in the penj system i concentrated in two pﬁsomdhen mopr: lﬂan haE nalymal 'WM'Y
population resides. The remaining prisons have an average of 7 {range, 0-29) TB cases per year, and there is a
large discre) in the size and ner concentration between ns. Thus, the twberculosis
d"e:?n Pmp::ym in mmsi"n:?n Paraguay as a whole, we mPra‘;l: o MIMM where mmepi
control efforts should be concentrated, and resources should be allocated.

This study has limitations. First, we observed substantial heterogeneity mainly in the level of overcrowding
and diagnostic capacity in differing geographical regions and prisons. Other relevant data, such as molecular
characterization of strains from prisoners are needed to understand TB transmission networks in prisons, includ-
ing internal outbreaks. There is likely under-diagnosis of tuberculosis mainly in extra-pulmonary TB (three times
less in prisons than outside), as well as variation in reporting over time, which influences notification trends. This
degneo(under diagnosis is distinct inside and outside of prisons. The case detection rate is likely much lower
in prisons than the general population, which suggests that the contribution of tuberculosis from prisoners to
the national tuberculosis epsdemic that we report in this study is likely an underestimate. Third, TB cases occur-
ring in recently released prisoners could not be identified, contributing to poor TB case ascertainment, specially
because the NTP does not collect data concerning to prison records'”. Lastly, the PAF obtained lhrmnghlhel.evm
formula is an underestimation. Levin's formula is oriented towards non-communicable disease phenomena and
this formula does not takf. into account transmission that occurs when prisoners leave prison and infect people
in the general ation"". More cor PAF tech were recentl sed which show hi
PAFs for comnmpo:i‘iable disease lhz:ﬁ“ose obmncdwd:zh mm analyses, bzlpm need to be valida

In conclusion, these findings alert us to the magnitude of TB crisis within the prison system in Par:suay.
They are useful 1o guide the development of TB ¢ ! policies and national strategic plans in order to improve
T8 programs in penal institutions. Prisons act as institutional amplifiers” or “reservoirs” of the disease on
community'**". Special attention needs to be paid about induding physical prison infrastructure, early detection
of cases, isolation rooms and timely treatment initiation. This is 3 first baseline epidemiological t for the
country, and next studies should assess whether measures addressing prison specific TB drivers (implementation
of mass screening strategies, introduction of molecular diagnostic tools) are effective. Future studies should aim
to understand where M. tuberculosis transmission occurs, which community territories are overrepresented in
the prison population and therefore expresses more cases of tuberculosis and what the foci are 1o improve our
understanding on the contribution of TB in prisons to the national TB burden.
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Specific Objectives

3.- Identify risk factors associated with the development of TB disease in prisons.

4.- |dentify the proportion of prison-associated TB cases in the community.
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Excess tuberculosis risk during and following incarceration in
Paraguay: a retrospective cohort study

Guillermo Sequern, e Glndys Estignmibio-Sanobin,*" Sorita Aquire,” Caudia Pitane,” Leonordo Mortinez, Rofoe! Lopez-Oforte ©
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Summary

Background The increased risk of wberculosis (TB) among people deprived of liberty [PDL) is due to individual and
institution-level Bctors. We lollowed a colodt of PDL from 5 prisons in Paraguay b describe the nsk of TB during
incarceration and afier they were released.

Methods We linked a 2013 national census of prisons with TB records from the TB Program from 2010 to 2021 to
identify TB notifications among incarcerated and formerdy incarcerated individuals. We used multivarable Cox
regression models o quantify the dsk of TB during and fellowing incarceration and to identify sk Bclors associated
with TH.

Findings Among 2996 individuals incarcerated, 451 (15.1%) were diagnosed with TE. OF these, 262 [58.1%) cases
occurred during incarceration and 189 (41.9%) ocowrred in the community after release. In prizon, the hazard ratio of
developing TE was 1.97 (95% Cl: 1.52-2.61) after six months of incarceration and increased to 178 (95% CI:
1.82-4.24) after 36 months compared with the first six months. The overall TB notification rate was 2940 per 100,004
persen-vears, This rabe increased with the duration of incarceration from 1335 per 100,000 person-vears in the frst
vear Lo 8455 per 100,000 person-years after & years. Among former prisoners, the rabe of TE decreased from 1717 in
the first year afier release to 593 per 100 000 persos-years afler 8 vears of follow up.

Interpretation Our study shows the alarming risk of TB associated with prison environments in Paraguay, and how
this risk persists for years following incarceration. Effective TE control measures o protect the health of people
during and follewing incarceration are urgenily needed.

Funding Paraguay National Commission of Science and Technobogy grant CONACYT PIN 15-705 {5, GES, SA).

Copyright @ 2023 Published by Elsevier Ltd. This iz an open access article under the CC BY-NC-ND 1GO License
(hitpe/ /ereativecommeons. ong/licenses (by-nc-nd ) 3.0 /igo/).
Keywaords: Tubercubosis; Transmission; Prisons; Epidemiology; Paraguay

Introduction regions of the word is hindering overall TE conirel.

Tuberculosis (TB) in prisons iz an important public Recent egrj:m_heg _[m the South American region show
health concern, as the increasing busden in various that the contribution of TB among people deprived of
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I Articles

Research in context

It is well known that prisons are higherisk ervironments for
tubenulosis (TE) tarmmission. TE prevalence within prisons
far ewceeds community rates, and with regular movement of
imdiﬁ\idlﬂlmmm-dmrﬁ:
there i limited data on the incidence risk patterns following
incarceration and release We ssarched PubMed with the key
terme: “tubenculosis”, Sincidence”, 'p"uu'l',a'ld‘r\eh.m'nr
*community” for articles published in English before October,
2023 Thi search identified 254 articles. We identified only
one artick from Brazil that quantified the riek of TB during
and after incarceration, showing that the risk of TB was 30
times higher in prisons than in the community and persisted
several years after release among those who were previcasly
deprived of liberty.

Added value of this study

This study, conducted from an initial cobort of 29896 peaple
deprived of liberty from § prisons in Paraguay, allowed ws to
retrospectively abserve how TB cases progressively developed
over time during imprisonment and after releass. We also
measured how some factors such 25 overcrowding, time spent

liberty (PDL) to the gemeral TE burden more than
doubled between 2011 and 2017 This upward trend of
TE in prizons, the increage in it population attributable
fraction, and itz role az an amplifier of TB epidemics in
the commpunity call for renewed atlention to this pablic
health problem

The spread of TB in prisons presents a cormplex
health problem that is magnifed in the context of mass
incarceration. In this setting, a continuous and dynamic
process of seclal interaction between the prison popu-
latlon and the communily exsts. TE outbreaks in
prizons have been assoclated with higher TB incldence
in the community and vice versa. Another contributing
factor 1o poor TE control in countries with high incar-
ceration rates is the inconsistent follow-up of individuals
infected with TE in prison who are released before
completing treatment.* Limited data iz available on the
spillover effect and risk of TE among PDL once they are
refeased from prison.

Inn 2020, the TB incidence eate in Paraguay was 48
cages per 10,000 inhabitants, but in prison seitings it
climbed higher than 3000 cases per 100,000 in-
habitants.” In the last 10 years, the incarceration rate in
Paraguay has doubled, reaching 200 PDL/ 100,000
population in 2020, Consequently, the increase in
incarceration has been accompanied by a rapid in-
crease in the proportion of TB cises nationally that
occur in prison (7.1% in M9 compared o 14.5% in
2018)." This hag forced the Natiomal TB Contral Pro-
gram (NTP) to redirect itz limited health rezources on

in prison, and re-incarceration affect the risk of developing TR
within prison or after release. This study shows that the rate
of developing TB increases considerably after each year spent
in prison, fram 1335 per 100,000 person-years in the first
year ta B45E per 100,000 persan-years after 8 years. Upon
releass the incdence of TH decreases. Howewer, even after 8
years of follow up in this group, their TB rabes remain 10
times higher than commumnity rates. This study abo quantifes
the relatiorship between a higher density of people deprived
of liberty living per prison cells and an increased risk of
developing TE.

Implications of all the available evidence

Cwr sty shows the alarming risk of TB associated with
priton envircnments in Paraguay, and how this risk persists
for years following incarceration and release. Thess results call
for wgent and effective TE control measures to protect the
health of people during and following incarceration. Given the
high contribution of TR in prisons to the overall TE burden in
Faraguay, successful TB contral interventions (induding
structural changes that reduce avercrowding)) ane likely to
hawe a considerable impact on national TB bunden indicators.

integral control strategies with an increasing focus en
prison health,

In order to better understand the impact of incar-
ceration on the global TE burden, we must first char-
acterize the excess TB burden among incarcerated and
previously incarcerated individuals.'” Therefore, we
conducted a study 1o estimate the rigk of TB in a cohort
of PDL who were reglsiered in a natlonal prison census
of Paraguay in 2013 and followed up until December
2021. In addition, we examined risk factors and the tme
course of TB during Incarceration and following release
from prizon.

Methods

Study design

Thiz was a retrospective longitudinal study following a
cobort of PDL for the development of TE during and
after incarceration. We linked three national data sour-
cex, including Incarceration census data (2013), digieal
records of five prisons (20010-2021), both from the
Ministry of Justiee (Ma]) and TE case notification data
from Paraguay's NTP [20010-2021) in the Ministry of
Health (MoH).

Study setting

Our shudy focusses on five of Paraguay’s 18 prisons: the
Mational Pendtentiary Tacumbd, the Natonal Peniten-
tiary Embescada, the Regional Prizon of Ciudad del Este
{CDE), the Padre Juan Antonbe de la Vega Pendtentiary,
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and the Esperanza Penitentiary. These prisons represent
30% of the overall prison population in the country and
located near the country's mest populated citbes: Asun-
cibn (Paraguay's capital city) and CDE. All five prisons
house only men. Further, these prisons register the
moverment of PDL within the natonal prison sysbes
including  their entry, relocation, release, and re-
incarceration data. Movement between prisons other
than those included in the study 15 rare, especially due to
their geographic location. In these cases, the PDL were
cenmored at the time of relocation.

ata sources and linkage

Our study cohort induded all PDL registered in the
MNational Prison Census conducted from March 4 1o
March 15, 2013 (data provided by Mof). The prson
census provided the following variables for this shudy:
name, surnarme. sex, date of birth, literacy, occupation,
income level prior fo eniering the prison, cigarette or
drug use, type of prison, reason for incarceration (with
of without a sentence) and pavilion or prison sector.

The MNatlonal TB registry (provided by MoH) is a
compulsory report of all TE confirmed cases. For this
shudy, data from 2000 o 2021 were analysed, and the
varables collecked were: names, surnames, nabomal
identity number, date of birth, date of diagnosis. date of
death, and sociodemographic and clinical data. For all
individuals diagnosed with TB in Parguay, the national
TE registry included information on patient incarcers-
tion status and the institution in which TE diagnosis
occurred.

The five prisons selected for this study are the largest
and oldest ones. which also have digital records with
high quality data such as: dates of prison entry, relocs-
tion, release dates and re-dincarceration  through
Decermber 2021,

We condweted two analyses. First, we matched the
2013 prison census o the NTP registry. This enabled us
1o measure the percentage of TB cases among in-
dividuals included in the prison census up © 8 years
after the census. However, the prisen census was cross-
sectional and did met include information on prison
transfer of releases. Second, we conducted a sub-
analysis im 5 prisons for which prisen entry and
release dates were available. We matched this dataset
with the TE registry to identily individuals who wese
diagnosed with TE during and afier incarceration. We
used the second rmatched dataset to estimate hazard
rates (Fig. 1)

We used a muli-stage approach to maich these
registries. First, our matching algorithm wsed individual
identity numbers provided in both databases; however,
some Identity numbers were incomplete. Secondly, we
used Initials of the first name and Arst surnarme, date of
hirth, and sex. We confirmed all matches manually. The
sensitivity of the analysls was measured by comparing
people with TE registered in the NTP, acoording to the
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evaluation of “incarceration” varlable (which provides the
information on whether the TB patient was incarcerated
at the time of diagnosis).

TE cases nolified three years prior io the prison
census (2010-2012) were excluded in order to appraize
the effect of recent past TE episodes on the subsequent
risk of TB. Individuals incarcerated prior to 2010 were
exchuded because of incomplete registration data.

Statistical analysis

We performed a survival analysis ameng PDL using
notified TH (all forms) as the prmary endpodnt. Sub-
sequenily, we conducted survival analyses among two
sub-populations: 1) PDL who remained incarcerated
after 2013; 2) PDL who were releazed [and who had no
TE episodes recorded while in prison). commencing
ohservation-time at release. In the first group, the follow
up period for each individual was determined from the
date of their admission to prison untll their release,
death, or the end of the follow-up period |Dec 31, H21).
For the second group, follow-up tme began at the time
of their release until re-eniry to prison or the end of the
follow-up period. We performed all statistical analyses
in R, vermion 3.50. We made right-censored survival
analyses for the cohort of PDL and ex-PDL using the
“survival® package.™

We calculated the THE notifcation rabe amd 95%
oonfidence intervals for bath PDL and former PDL aver
the study period as the number of new cases each year
divided by the aumber of people 2 rizk at the beginning
of that yeas, repeating this model for each study year.
We had morality dates when death occurred in prison,
but not if it happened afier the release period if it was
not associated with 2 TE eplsode.

We used multivariate Cox regression o measure risk
factors aszociated with TE. We included a set of pre-
specified sociodemographic and behavioural variables
from the prison census and those related to the prison
environment, such s readmiissions, type of prisomn, level
of overcrowding in the cell room or total Gime in prison.
We performed two main models: 1) considering only
the initial incarceration (Fig. 51} and 2) considering all
the episades of incarceration, which iz the one ulti-
mately presented in the main text (Table 1)), The life
table showing cumulative risk for TB notification among
PDL by months perlods, and the Hazard Function of
cumulative risk for TB notification is showed in sup-
plermental material {Fig. 54). Furthermore, we obtained
the mumber of people living in each cell or pavilion from
the prison census, and the area of each cell or pavilion
from an architectural study of the prisons carried out in
2018 Therefore, overcrowding was defined as a dex
sity measure based on the number of occupanis in a
prison pavilion or cell and its area in square melers,
divided In theee categneles: level 1 = Low: 7 m” per
person; level 2 = High: 3.5-7 m® per person and level
3= Very High: <3.5 m* per person. Total time in prison
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of Penitentiary Centers (green) was matched with the National Registry of TB Cases of the NTP, period 2010-2021 (bue). This analysis revealed
1096 cases of T8. POL from prisors without documented records of entry and exit dates wese subsequently exduded (yellow). These cases
represent a total of 2996 PDL in fve prisons. Out of these, 451 have developed TB and 2545 prisoners did not develop TE. POL that had a
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is the sum of the time periods in all recorded admis-
sions, is a calculated variable that we named duration of
incarceration. Additionally, we compared the TB risk
within prisons that house <200 prisoners (National
Penitentiary Emboscada, Juan Antonio de la Vega Pen-
itentiary and Esperanza Penitentiary) with larger prisons
(Tacumbii and CDE), which host >1000 PDL.

Missing data was found in various behavioural vari-
ables of the census, but in all cases, it was less than 10%
and its value has been inputted using a predictive mean
matching algorithm that utilizes 3 nearest knots for
continuous predictors (areglmpute function, Hmisc
package in R). Overcrowding variable was the exception,
as this analysis only considered data from the largest
prisons and did not account for missing values in the
other prisons.

Ethics statement

The study was approved by the ethics committee of the
Central Laboratory of Public Health of the MoH of
Paraguay  (Intermational  Certification FWA N°
FWAOOO20088) with code CEI-LCSP 91/010217. It

was also autherised by the Mo] of Paraguay (reference
number, MJ/GM/N®929/2021). Databases needed for
matching were kept in password protected files. Once
matching was completed, the resulting database was
anonymised and data analysis conducted.

Role of the funding source

The funder had no role in data collection, analysis,
interpretation, writing of the manuscript, or decision to
submit the manuscript for publication

Results

Sociodemographic characteristics of incarcerated
individuvals

In 2013, M413 people were deprived of liberty in the
Paraguayan penitentiary system, of which the five
prisons included in this cohort study accounted for
2996 (31.8%) PDL. All were men and the mean age was
31.1 (SD 9.6) years. Of these, 417 (13.9%) were illit-
erate (four-fold more than the general population).”
The most frequent crime reported was theft or
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Variable Categories Total B ~ HE 95% CI, pvalue
Age More than 45 = 1 5 1
345 wio m 122 159 (0.94-268, p = 0.085)
1830 1640 297 181 15 (158423, p < 0.0001)
INterate Yei 417 61 145 1
No 259 390 151 i (0.82-149, p = 050)
Wincked o s &1 141 1
Ve 2568 3% 152 112 (085-14% p - 041)
Wige Minimun 717 105 16 1
More than Minimun 944 43 151 0g96 (073127, p = 0.80)
Lot than Misimus 1135 203 152 100 (078-230, p ~ 0.97)
Addition to ssbitances Yos 1203 169 141 1
No 793 w2 157 2 (051-238, p = 029)
Tabacco smoking Yes 1410 199 141 1
No 1586 %2 159 115 (094-141, p = 0.18)
Pridios entses 1 47 145 109 1
2 &77 09 162 199 (152-261, p « 0.0001)
3 405 ) 194 258 (189-3.51 p « 0.0001)
4 and mose 567 1ne 06 13% 250450, p « 0.0001)
Duration of InGecaation Lot than & menths 400 b3 &3 ]
©-18 months €57 90 118 197 (1.26-3.08, p = 0.0034)
19-36 months w3 100 189 w8 (1.80-4.38, p < 0.0001)
More than 16 moaths 1436 5 164 278 (1.82-4.24, p = 0.0001)
Prisons Tacumbd 209 345 156 1
Ciudad dol Este 412 °% 19 204 (150-276, p < 0.0001)
Othwes” ¥4 10 27 -
Crinm Othrs Crimes 74 % g6 1
Drug taffidéng mn a 117 19 (085-2.37, p = 0.29)
Against parions 940 17 124 154 (098-241, p = 0.060)
Against peoperty 1410 265 128 187 (1.22-28¢, p = 0.0044)
Logad sination Amait sumtending 1940 275 142 =
Sentonced 1056 176 187 105 (084131 p = 0.69)
Owercrowding Lewed 1 ng n g2 3
Lowid 2 167 4 12 142 (085-259, p - 018)
Lewed 3 2085 En] 185 206 (128332, p = 0.0027}
No* ¥4 30 27 -
The vanubhe tned in tha modsl were »-pron secified *Other prssem Natoral Perstermury Emboscarda, adre Juan Antonn do le Vese Perstermtury, and Experanzs
Perstartiary. "Wisaing vabue fom other pricm. *‘Owescromding vk wers defined s folows 1 = Liwes] o per person; level 2 « High: 15-7 m” per penion and el
3 = Vory High <35 m” per peeson.
Table 1= Multivariable Cox regeession of factoes d with developing TB ameng Paraguayan POL included in the 2013 census of § selected
pesons.

robbery (47.1%; 1410/2996) and 51.3% (1539/2996) of
PDL had a prior history of incarceration. Around two
thirds of PDL (64.8%, 1940/2996) were pre-trial de-
tainees who were awaiting their sentencing process in
prison. All other individuals had a confirmed and
definitive sentence.

T8 hazard during and following incarceration

First, we matched the 2013 prison census with the
2010-2021 TB registry to identify TB cases among
people incarcerated at the time of the census. During
the B years following the census, 11.6% (1096/9413)
developed TB. Of these, 70.1% (768/1096) were diag-
nosed with TB in prison and 29.9% (328/1096) were

wewar thelancet com Vol » o, 2023

diagnosed in the community, according to the national
TB registry.

To estimate the hazard of TB during and following
incarceration, we focussed on five study prisons, for
which we obtained Information on timing of prison
entry, refease, and transfer. Within the 5 study prisons,
the total follow-up time of the cohort was 15,341 person-
years, with an overall median length of 8.2 years (IQR:
5.63-9.01). The median time of incarceration was 2.25
years (IQR: 0.75-4.58). Almost a third (31.1%); of the
prison population is renewed each year. Once released
from these prisons, the median out-of-prison cumula-
tive follow-up was 4.30 years (IQR: 0.92-7.08). The
overall notification rate was 2940 TB cases per 100,000
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person-years. We observed that 15.1%  (451299)
developed TD during the total years of fllow-up. OF
these TH epizodes, 58.1% [262/451) eccurred while
incarcersted and 29.7% (T8/262) of them dusing the
inital incarceration. Over two fifthe (41.9%, 189/451) of
the TB cases regisiered occurred cuiside the prison,
with 35.4% [67/189) of them happening after their first
Incarceration.

The overall TB notification rale in prison increased
with duration of incarceration, from 1335 per 100000
person-years (95% Cl: 1073-1664) in the frsi year io
5455 per 100,000 person-years (95% CL: 6651-10.752)
after & years in prison. During the fiest incarceration,
the notification rate in the first incarceration year was
549 per 100,000 person-years [95% CL 351-865) and
increased to 6459 per 100,000 person-vears [95% CL
45569164 after & years in prison. The TB notification
rate among released PDL decreased immediately and
steadily through tme, from 1717 [95% Cl: 13%6-2115)
in the first year to 593 per 100,000 person-years after
{95% Cl: 267-1326) 8 vears of follow up. Among those
who were incarcerated only once, the notification rate
after release decreased immediately from 1196 (95% CI
B4B-1692) in the frst year w 439 per 100,000 person-
years (953 Cl 153-1268) after B years of release (Fig 1.

Factors associated with TE risk

The rizk of TE during incarceration was greater armong
younges PDL, = those 18-30 years old had a
higher risk of TE (HR: 253 95% CI: 1.51-4.13,
P < 0001} compared to lncarcerated individuals older
than 45 years. TB rate was also greater for subsequient
incarcerations. Individuals in their second incarceration
had almost a two-fold risk of TB (HR: 1.99 (95% CI:
1.52-261, p = 0.0001), 25 compared to those during
their first incarceration. The risk increased with each
new admission and reached a HR of 336 (95% CI:
2.50-4.50, p < 0.0001) after the fourth readmission,
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corripared to the initial ome (Table 1). Howewver, the
shape of the tinee course of sk during Incancesatbon did
ot differ substantially when considering only the first
incarceration. In this group. there was a 2.36 (95% Cl:
0.89-6.31, p = 0.086) increased hazard for developing
TE afier & months of eniry, reaching 4.55 [95% Cl
182-11.35, p = 00001 afler 36 months in prizoen
{Fig. 51).

The two largest prizons reported 97.8% (441/451) of
the TH cazes in this study. Individuals incarcerated in the
prison of CDE had the highest sate of TB—twice that af
the Tacurnbil prison (HE: 204 95% CL 1.50-2.76,
p = 0.0001). Individuals charged with or convicied of
property crimes, mainly due 1o thefi and robbery, had a
higher risk of TE [1.87, 95% Cl 1.22-21.84, p = 0.0044)
compared to drug rafficking or crmes against person.
Thiz was independent of the type of prison, but poordy
associated with the time of the sentence. The rate of TH
aleo incressed with the density of cell. When compared to
individuals residing in cells with =7 m* per persan. those
residing cells 3.5-7 m*fperson had a HR of 1.48 (95% Cl
0.85-259, p = 0.17) and these with <3.5 m” per person
had HR of 206 [95% C1 1.28~3.32, p = 0.0027). Fig 3
illustrates how almost all of the TE prison population
of the larger prisons (CDE and Tacumbd) were living in
the overcrowding level 3 (87.0% and 81.5%, respectively).

Discussion

By linking Paraguay's prison census with the Mational
TE registry, we repert 3 previously undocumented
burden of TB among currently and formerly incarces-
ated individuals. We found that a substantial proportion
(15.1%) of thoge incarcerated or who had been recently
incarcerated experienced TB. This study shows that the
rizk of TH in PDL remains elevated several years afier
incarceration. The TE rates among PDL seen in this

study are amongst the highest for any at-risk population

e boliraeng prios rebnar
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Fig. 2: Modeled TB notification rate among a) PO and b} people fomery deprived of likerty. Blue bnes indicate notfication risk among all
incarcesated indeviduals, purple lines indicate notiication risk among indrviduals during their farst incarceration. Blue bars indicate the number of

matified TH cames by yoar
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Fig. 3: Percentage of TR cases according to the level of overcrowding and the distribution of prison population inside the two largest
prisomns in the study: a) ODE prison and b) Taoumbd prison Bars comespand ta the percentage of TR cases among POL acoording 1o the rate
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recorded. The detailed dats on incarceration enfries and
exits provided us a unique opportunity to follow this
population that is notortously difficult o rack afier
leaving prizon. Our fAndings highlight a previcusly un-
decumented population health consequence of incar-
ceration in Paraguay and underscores the urgency of
new programs o protect the health of incarcerated and
formerdy incarcerated individuals.

In thiz study, we found that the risk of developing TE
increases rapidly fellowing prison admission: this risk
was more than 100 times the TB risk in the community.
The high TB rates found after eight vears following
imcarceration indicate that when the conditons of
imcarceration remain unchanged jevercrowding, smok-
ing, malnutriton, eic) the rsk of developing TB aceu-
rrulates aver time. This high risk can be attributable o
the gradual progression of new TB Infections acquired
in prisons andjor of pre-existing infections. In both of
these cases, risk is likely to be exacerbated by the pres-
ence of risk Bctors favouring TB progression. Similarly,
when PDL are released. the risk of developing TE iz
much higher than in the general population at mwore
than 30 umes in the Arst two years afler release.
Although this risk decreases gradually, it remains 10
times higher than the rsk of TB in the general popu-
lation over 8 vears of follow-up. This expected increage
im the TB risk occurring while deprived of liberty and
the decrease in risk after release confirms that prisons
are environments which contribute to the propagation
of TB. In thiz comext, well known individual de-
terminants of TE, zuch as smoking, drug abuse or
poverty, are insignificant fctors in enhancing the TB
risk in the already high-risk, high transmission envi-
ronement of prisons. The poor condiions of Paraguayan
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prisons, mosly driven by overcrowding, poor ventila-
tion, limited access to healthcare and high exposure
periods. may overshadow the progress that may be
made in TH control in the commundty. ™"

The elevated risk of TE that is associated with
incarceration also undermines TH contral mare broadly,
28 individuals infected with M. fubenculosis within
prisons may iransmit the bacteria beyond prison walls.
We have found genomic evidence that M. fuberculosis
genomic clusters span prisons and inte the general
population in Paraguay's major urban centres, imdi-
cating cloge transmission linkages between prisons and
the community, with simdlar evidence of infection
spillover in Central West Brazil™"

Environmental and structural changes in these in-
stitutions may have a considerable impact on TB con-
trol. However, reducing overcrowding will not be
sufficlent to substantally reduce the TB burden in
Paraguay's prisons [in the least crowded prison cells,
5.3-10.3% of individuals developed TE). Our findings
are in line with theee from Brasil, where the risk factors
associated with prizson environments, increase TB inci-
dence more than the sk Betors agsocisted with the
individual factors of this high rsk population. Thus,
targeted structural interveniions within prisens ceuld
have a substantal effect on the broader TB epldemic.
More impartantly, reducing our reliance on Incarcers-
tion and zignificantly reducing prison populations will
decreaze the population put ot increased risk of TB.*

Although the overall incidence rate of TB in prizons
is not dramatically inereasing, the recent upward trends
in general rates of incarceration will result in a consid-
erable number of TE cases in prisons that weauld
otherwize not exist. This observation correlates with the
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increase in owverall TE incidence rate reported for
Paraguay. The proportion of PDL with a definitive sen-
tence for a crime was only 26.2% at the dme of the
census, the remaining ones were pre-trial detainees,
awaiting the judicial process for a trial. In Latin Amee-
ica. Paraguay has one of the highest proportions of pre-
trial detainees among all PDL Reforms in the penal
systern miust include decarcerstion as well as expediting
a definite sentence. Although this problem seems o be
primarily judiclal, the impact on the public healih iz
considerable.

We found that almost a third (31.1%) of the popu-
lathon in prisons = renewed each year. This population
cycles between prison and the gemeral community
leading 1o substantial transmizzion spillover. We found
that 3/4 of TE cases armong former PDL occurred in the
first 3 years after being released. sugpesting that
screening at the time of prison exit jand periodically
after that] may be efficient tegeted interventions. ™"
When former PDL are reintegrated within a comini-
nity with lower TE risk, exit screening may improve the
identification of TB cases to allow for ntive in-
terventions among persons at high-risk of subsequenily
developing TE, and thus reducing the spread of the
disease. Furthermaore, due to the high risk of TE among
former PDL, primary care screening algorithms mey
consider persons with a recent higtory of incarceration.

We found that re-admission into prison i= related 1o
the type of crime (robbery/theft) with a short sentence
(lesz than 3 years on average) that mostly occurs to
younger prisoners. This iz the mest frequent profile of
PDL readmitted into prison. A key question is whether
the TE rizk in thiz population is higher in the com-
munity before first entering prison. This could be done
by comparing pre-existing high-risk attributes — such as
poverty, illiteracy, drug abuse, HIV and others—among
persons first entering prison and persons that have not
been incarcerated. The evident increase in TE risk oc-
curs wpon incarceration. This phenomenon has already
been  described before  for  zeveral  contagious
digeaseg 1m0

Itr Latin America the collaboration between suthor-
ithes that are rezponsible for public health and those that
govern prisons is insufficlent. This iz also why it is hard
o find docwmented evidence of TH history or incarcer-
ation history among TE cases that occur in the com-
munity, which makes this analysis unigue in the
region.” Renewed joint efforts between these two sec-
tors are needed 1o bmprove overall TB contrel, bur
particularly to address TE in prisons.

Our study has some lmitations. First, wtilizing
crogg-gectional data has certain imdtations. The socio-
demographic characteristics of the PDL were collected
through census questionnaires and might not be
accurately captured by the discrimination and stigma
that the PDL population is subjected to. Second, our
study cohort includes Ave of the 18 prisons in the

Paraguayan penal systern, including twe of the largest
prisons with the highest TE rates in the country. Larger
prisons hold more prisoners with higher over-
crowding. and these lirge-prisons  were over-
represented in thiz study. Addivenally, if any of the
prisoners included in this study had readmizsions to
prizsons odher than those selected, this event could not
be recorded for analysiz, potentially underestinating
the total time a PDL was in prison. Thind, the TH epi-
sodes are based on TE notification from the NTP, and
it iz well known that the surveillamce system misses a
proportion of the real TB cases. Thus, although this
study finds very high TB rates, the real prison attrib-
utable rate may be even higher. Lastly, deaths from
non-TH related causes that occurred after release could
not be registered, leading 1o an overestimation of the
total follow up time and an underestimation of the TE
burden in this subset of individuala.

Our data show that prisons are a high risk setting
for the development of TB, and that the risk continiies
after release. There s a critical need o develop new
TE control strategies to achieve the WHO global tar-
gets for 2035 and we believe that implementing and
strengthening TE control interventions in prisons
cannot be neglected o achieve these goals. Specific
interventions within prisons are likely to have a valu-
able impact on reducing the tuberculosiz epidemic.
However, these interventions should not solely focus
on biomedical approaches such as active diagnesis,
mass sereening, and secondary [FT. " In addition, it
is bmpertant to consider architectural reformes almed
at improving the living conditions within penitentlary
centres and legal referms incuding decarceration,
reducing reliance on incarceration, and preventing the
imprisenment of individuals whe have not been
sentenced. These measures should be implemented
with a strong focus on upholding human rights
principles.
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7.3- Article 3

Phylogeography and transmission of Mycobacterium tuberculosis
spanning prisons and surrounding communities in Paraguay.

Sanabria, G. E*., Sequera, G*., Aguirre, S., Méndez, J., dos Santos, P. C. P., Gustafson, N. W.,
Godoy, M., Ortiz, A., Cespedes, C., Martinez, G., Garcia-Basteiro, A. L., Andrews, J. R., Croda, J.,
& Walter, K. S. (2023). Nature Communications, 14(1), 303.

https://doi.org/10.1038/s41467-023-35813-9

*These authors contributed equally: Gladys Estigarribia Sanabria & Guillermo Sequera
Impact Factor: 5.116 (SJR)

Q1 (Biochemistry, Genetics and Molecular Biology)

Specific Objectives

5.- Determine the lineages of Mycobacterium tuberculosis existing in prisons and their

surrounding communities.

6.- Identify clusters and recent transmission of Mycobacterium Tuberculosis through whole

genome sequencing in both prison and community cases.
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Recent rises in incident tuberculosis (TB) cases in Paraguay and the
increasing concentration of TB within prisons highlight the urgency of tar-
geting strategies to interrupt transmission and prevent new infections.
However, whether specific cities or carceral institutions play a dispropor-
tionate role in transmission remains unknown. We conducted prospective
genomic surveillance, sequencing 471 Mycobacterium tuberculosis complex
genomes, from inside and outside prisons in Paraguay’s two largest urban
areas, Asuncion and Ciudad del Este, from 2016 to 2021. We found genomic
evidence of frequent recent transmission within prisons and transmission
linkages spanning prisons and surrounding populations. We identified a
signal of frequent M. tuberculosis spread between urban areas and marked
recent population size expansion of the three largest genomic transmission
clusters. Together, our findings highlight the urgency of strengthening TB
control programs to reduce transmission risk within prisons in Paraguay,
where incidence was 70 times that outside prisons in 2021.

Despite significant tuberculosis (TB) control efforts, the incldencerate  TB diagnostic and treatment programs-compounding the burden of
of TB has declined only slowly in the World Heakh Organization TB and reversing decades of progress in TB control'.

Region of the Americas, and, alarmingly, has stagnated since 2014'. The New approaches to limit transmission are urgently needed in
COVID-19 pandemic disrupted access to healthcare-including criticll  Paraguay, where TB control Is chronically underfunded” and where TB
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Inchdence was 45 (41-56) per 100,000 people in 2020, higher than the
mean incidence rate across the region’. More than a quarter of the
country’s population lives below the national poverty line” and are at
helghtened rsk of TE infection and momality. Further, recent dramartic
increases in incarceration™* put a rapidly growing population at high risk
of infection and disease™". To gulde Interventions in Paraguay, there ks a
critical need to Identify the populstions at greatest risk of infection and
locations and instiutions where mansmission most frequentdy ocours®.

Whole genome sequencing of the Mycobacterimm fuberculosis
complex has been powerfully applied to characterize recent trans-
mission dynamics. Gemomic approaches have dated introductions of
M. tuberculosis and reconstructed patterns of historic spread across
Cenwral and South America™”, estimated the contribution of recent
traremission to incident TEB cases”, reconstructed the emergence of
resistance-associated mutathons”, and inferred likely individual-level
traremission events'. In Brazil" and Georgla®, for example, genomic
approaches identified frequent transmission within prisons as well as
evidence of spillover from prisons to surrounding communites. A
single M. fubercalosis mobecular study from Paraguay” on strains col-
lected in 2003 reported that M rebercufosis familles found across
Sowth America, Including the Latn-American (LAM; sub-lineage 4.3)
and Haarlern (4.1.2.1) were also common in Paraguay™.

Genomic approaches have not been applied vo address major
gaps In owr understanding of TE transmisskon in Paraguay. First, the
conditions of incarceratkon put peaple at high risk of many infectious
diseases, and globally, over the past twenty years, the Incarcerated
population in Central and South America has grown by 206%, the
greatest Incresse in the world”. Escalating incarceration rates have
been paralleled by an increasing concentration of notified TE among
Incarcerated individuals®. Yet the role of prison environments on TH
transmisshon both inside and beyond prisons, as sources of broader
Infection, has not yet been described in Paraguay. Second, while inci-
dence of TE ks heterogeneous across the country”, it remains unknown
wheether specific citles or reglons funcrion as hotspots, fueling trans-
mission elsewhere. Finally, due to limited surveillance infrastructure,
the prevalence of drug-resistance and muld-drug-resistance has not
vet been systematically measured” ™. Only 56% of bacteriologically
confirmed new cases of pulmonary TE were vested for rifampicin
resistance in 2000,

To characterize transmission dynamics and cinculating diversiny
of M. mberculosis complex strains in Paraguay, we conducted pro-
spective genomic survelllance across the country from 2016 to 201,
Including surveillance within and outside prisons, generating a geno-
mic resource for continued surveillance in Paraguay. We estimared the
rode of lkely recemt M. tuberculosis transmissbon within prisons, the
relatedness of prison and community transmission, and the frequent
movement of M. neberculosis between Paraguay's urban centers.

Results
Population-based genomic surveillance
From 2006 te 30X, 16,734 TH cases were notfied in Paraguay, with the
majorty of cases (60%; 10,095,16,734) occurring in the urhan depar-
meents Central and Districo Capital (which together comprise Asunclédn)
and Alvo Parand (Cludad del Este), where we conducted prospective
genomic survelllance (Fig- 1a, Fig 510 In 2021, the TH nodfication rage
was. 70 times higher in prisons than outside (3378 cases per 100,000 in
prisons/49 cases per 100,000 in the general populaton) (Fig. 1h.
Therefore, we focused genomic survelllance in the two largest prisons in
the country, Tacumbi Frison and the Prison of Cludad del Este, which
together hold 36% (4950¢13.821) of Paraguay's Incarcerated population,
notification rates are 2000 and 3500 per 100,000 people, respectively.
Of the 7780 TH cases notified in Asunciin during the study period,
781 (10%) occurred among Incarcerated individuals (Fig. S1). &4% (503/
781) of these were culture-positive and, of these, we sequenced 21%
(107/503). 33% (2306/6999) of non-dncarcerated individuals with TH in

Asuncién were culture-positive and of these, we sequenced T% (1727
2.306). OF the 2,315 TH cases notified in Cludad del Este during the
study period, 422 (18%) occurred among incarcerated Individuals
(Flg. 1) 64% (265422 of these were culture-positive and, of these, we
sequenced 20% (55/269). 31% (5781893) of non-incarcerated Indivi-
duals with TB in Ciudad del Este were culture-positive and of these, we
sequenced 27% (158/578) (Fig. 51).

Whaole genome sequences (WGS) for a cozal of 532 isolates met our
coverage and quality criveria {Methods), including 458 from unique TB
notifications. OF the samples passing fileers, 158 were from individuals
diagnosed with TE while in prison and 330 were from people diag:
nosed in the community. TE lsolates were collected in Asuncidn (2747
488) and In Cludad del Este (214/488). We exchuded 17 Isolates with
evidence of mixed infection with more than one sub-lineage detected,
resulting in 471 M. fubercuiosis isolates for following analyses.

Genotypic resistance

The majority, 96% (454/471) of sampled M. rubercirlosts, were drug:
sensitive; 3% (15/471) were resistant to at beast one drug; and 0.42% (27
471) were muld-drug reskstant, reststant to both Isoniazid and rifamgpin.
Reslstance was not assoclated with sub-lineage (6 (11} = 7.7, p = 0.74).
We identified three unique [sonlazid resistance-conferring mutations.
on the genes fiebi:l, kert:, or both among the 10 isolates with any
Isonkazid resistance; the three rifampicin-conferring mutations in rpolf
(w0 on multkdreg resistant Isolates) were unbgue (Fig. ).

Stable genomic diversity of M. tubercalosis in Paraguay

After excluding mixed infections, all M. rubercufosis Bolates were
strains from M. aeberculosis lineage 4. A single mixed lineage infection
was co-nfected with strains from both lneages 1 and 4. Samples pre-
dominanty fell Into four sub-Eneages: 4.3.3LAM (42.5%; 200/471),
4.1.2 /Haarlem (38.2%; 150/471), 4.4.1/5 (12.3%; 36/471), and 4.3.4/LAM
(3.2%; 15/471) (Flg. 2). The disoribubon of strains representing these

Popiilaticn denzity
(pecple per k')

& ASuncicn
#® Ciudad dol Esin

b E e T e S
58 o
I
S8 1
E ————8

201 2016 2020

= Comruséy = Pimn

Fig. 1 | Genomic surveillance within and swtside prisons in Paraguay's urban
centers. a Map of South America, with Paraguay highlighted, and as an imset.
Paraguay’s departments are colored by population sire density and points indicate
the two largest urban centers in Faraguay, where we conducted focused genomic
surveillance. b Notification rate of TR per 108,000 people in prisons {red) and in
the general population (i) from 300% to 2020, Source dat are provided asa
Source Dag file
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incarceration status at the time of TE notification. Other isoniazid incudes iso-
niazid maono-resistant isolates without an @hpC promoter mutation. Kifampicin
indicates rifampicin mono-resistant isolates. Ocher resistance includes isolates with
mutations associated with resistance to pyrazinamide, streptomyain, or Buor-
oquina lores and not isoniarid or rifampicn. Source dat are provided as a Source
Data file.

sublineages was stable and did not change significantly from a col-
lectlon of 173 M. fuberculosls Isolates collected In 2003" {Fig. S1h.

Recent expansion of M. tubercalosis transmission clusters

We next explored evidence of recent M. fubercufosis transmission in
Paraguay. As seen inamaximum likelihood phylogeny (Fig. 2y, sampled
M. muberculosls diversity was dominated by several highly related
clones. Seventy-eight percent (369/471) of all isolates fell within 26
genomic clusters (each including 2 to 159 isolates) defined by a 12-5NFP
threshold™, suggesting TE notifications were often attributable to
recent wansmisslon.

We reconstructed population size dynamics of the three largest
genomic clusters—which comprised 56% (264/471) of our sample-
with a Bayesian coalescent population size model. The three largest
gemomic clusters {including 159, 91, and 15 samples) increased in
effective population size by 200, 90, and 40-fiold, respectively.
Cluster growth was relatively recent, with cluster most recent com-
mon ancestors (MRCA) ccourring in 1998 (95% HDI: 1994-2001),
190 (95% HIN: 1991-2000), and 1998 (95% HDIE: 1992-2003)
respectively, to 2021, when the most recent samples were collected
(Flg. 31 All three clusters included Isolates from individuals nodfied
with TE during Incarceration and individuals with no incarceration
history.

We found no evidence that genomic bocl were assoclated with
successful genomic clusters, which we defined as the clusters con-
raining more than 15 M. mberculosis Isolates, using a bacterial GWAS
approach which conmols for clonaliy and strong populacion
structure”. We similarly found no assoclation between genomic lod
and clustered phenotype when we examined membership in a cluster
with 10 or more Isolates or 2 or more [solaces.

M. tuberculosis genomic clusters span prisons and the general
population

In & maximum likelihood phylogeny (Fig 2), M. mberculosis isolates
sampled from incarcerated and non-incarcerated people are dis
tributed across the tree and did not form distince clades, indicating a
recent shared evolutdonary history of [solates sampled from prisons
and the community. However, sub-lineage was assockated with incar-
ceration status (F(22) = 5.3, o < 00001), with strains from sub-Eneage
4.1.21 more frequently infecting people with a history of incarceraton
(46.1%; 83180) compared to individuals with no incarceration history
(33.0%; 96/201; p - 0.006).

Isolates from incarcerated people were more frequently clustered
(92.6%, 138/149), than those from formerly Incarcerated (T1L0%, 23,31,
Pl =101, g=0.000) or never incarcerated people (71L&%, 200/291;
Fill=243, p<0.000), likely reflecting more recent transmission
within prisons. With a soricter threshold of 5 SMPs, 45.4% (214/471) of all
Isodates in genomic transmission clusters. Wich this threshold, isolates
from incarcerated individuals were again more frequently clustered
(55.3%; 57/149) than those from those formerly incarcerated (45.2%;
14/31), though not significantly so (1) =13, p=025), and isolates
from incarcerated individuals were more frequently clustered than
those from never Incarcerated Individuals (38.8% 113291
Filh =243, p <0.000)

We predicted thar if prison and community-assodared epidemics
were distinct, isolates from the communiky would be most closely
related vo and cluster with other isolates from the community and vice
versa. Approximately half (43.00%; 12/25) of genomic clusters, including
people with no incarceration history also included individuals with a
recent history of incarcerathon. The consequence is that 85.2% (178/
209} of individuals with evidence of recent transmisskon and no recent
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Incarceration were within transmission clusters, including individuals
with prior incarceration.

We additonally quantified M. ruberculosis recent transmission
with time-scaled haplotype diversity, a measure of the centrality of a
single tip isolate to all other Isolates on the tree™. Individuals who were
Incarcerated at the time of TB nodficadon had a higher time-scaled
haplotype Index for a short epidemic timescale (median: 0.59, IQR:
024-0.72) than did formerly (median: 0.8, IQR: -037-0.71
t(36) = 1.7, p~0.03) or never incarcerated Individuals (median: 020,
1QR: ~0.71-0.66; 1(360) = 5.9, p<0.001) (Fig. S3). This finding was
consistent across epldemic tmescales considered (Fig. S3). After
adjusting for population structure, we found that Incarceration status
was significantly assoclated with time-scaled haplotype diversity (one-
way ANOVA: F(285) » 85, p < 0.001), evidence that the assoclation was
Independent of TB lineage.

Geographic structure despite frequent migration across
M. tuberculosis sub-lineages
We found pattern of moderate geographic structure In sampled
M. tuberculosis (Fig. 4), with strains from sub-lineage 4.1.2.1 dominant
In Asunclon (54.1%, 142/262 samples) and strains from sub-lineage 43.3
dominant in Ciudad del Este (60.8%, 127/209) (y2(2) =72, p<0.001)
(Fig. 4). While we observed geographically distinct patterns of M
weberculosls diversity in Asuncion and Cludad del Este, reconstruction
of the ancestral locadlons for the three most prevalent sub-lineages
revealed frequent movement of M. tuberculosis (Fig. 4).

To test whether Asuncién and Cludad del Este served as sources
for M. tuberculosis, exporting infection elsewhere, we compared rates

of arrival and export of each sub-lineage. Sub-ineage 4.12.1 moved
more frequently Asuncién to Cludad del Este (mean: 75 wransitions)
compared to vice versa (mearc 70 transitions), and a model for
asymmetric rates was supported (y*(2) = 4.1, p~0.04) (Fig. 4). Both
sub-lineages 4.4.11 (with the prevalent ahpC mutation) (y'(2) = 0.16,
p=0.69) and 43.3 (¥(2) = 056, p ~ 0.46) had similar rates of migration
to and from Cludad del Este to Asunclén. Despite the geographic
structure observed, there was not a sufficlent signal to Infer a likely
geographic source for any of the doménant sub-lineages.

Emergence of a putative resistance-associated ahpC promoter

mutation

Eleven percent of samples (50/471) shared a mutation in ahpC pro-
moter (G>A, 74 bases upstream of the §' start codon), previously
considered a location for compensatory mutations co-occurring with
katrG mutations in isonlazid-resistant Isolates™ . While ahpC promoter
mutations are not included as an independent resistance-conferring
mutation in the WHO resistance catalogue®™, in our collection, ahpC
mutations occurred on otherwise susceptible genomic background
within sub-lineage 4.4.1.1. The ahpC mutation occurred in a mono-
phyletic clade of 49 samples in sublineage 4.4.1.1 (Fig. 5), which shared
a most recent common ancestor in 1903 (95% HDL: 1888-1916), likely
reflecting a single emergence event. Among the basal group of nine
samples without a fixed ahpC promoter locus (ahpC-74) mutation,
one sample was polymorphic, with 16% (13/79) of reads representing
the afipC mutadon. Among the samples sharing the ahpC mutation, a
single Isolate had a cooccurring rifampicin resistance-conferring
mutation in rpoB (His445Lew) (Fig. 5).
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We tested whether the success of the ahpC muatdon in the
absence of a kanG mutation (Le. outslde of a compensatory context) we
observed in Paraguay could be explained by an increase in assoclated
rransmissibility. The afpd mutaton was not assoclated with an
Increased time-scaled haplotype density (ahpd mutants, median 0.19,
IOR: 0.09-022; ahpC non-mutants, mediane 0.56, 10R: -0.44-0.71,
p=0.93). Further, individuals with an incarceration history (currently
or formerly incarcerated) were no more likely 1o be infected with a M
tuberculnsls olate with the ahpC muration than were individuals with
no incarceration history (y71) = 0.25, o= 062).

Discussion

We generated, to our knowledge, the first genomic portraic of cir-
culating M. rubercilosis diversity and transmisslon dynamics to
direcdy inform Paraguay’s national TE control program priorides. We
found the majority of TE cases Included in our study were likely
antriburable o recent transmission and Identified three dominamt
chones, which dramatically expanded over the past twenty years and
spanned prisons and surrounding communivies. Overall, we found a
pattern of close genomic relatedness between M. ruberculosis sam-
pled within and outside prisons. While M. ruberculosis s geo-
graphically structured in Paraguay, we identified a signal of

contnuous movement of M. ruberculosis between Paraguay's major
urban centers.

We found that most sampled infections were likely anributable to
recent transmisshon rather than kong-distance migration or activation
of latent disease, similar to what has been reported in other medium-
Incldence countries”. Consistent with expectations that clustering
rates may correlate with incidence, when applying a 5-5NP threshold,
we found that isolates from Paraguay were more frequently clustered
(45%) than those from a low-incidence setting in Spain (23%) and less.
frequently clustered than in a high-incidence serting in Mozamblgue
(55%). Interestingly, we found a higher rates of clustering compared to
what was reported in Malawl (36%), a high-incidence setting”. This
could reflect the shorter, one year sampling tmeframe of the Malawi
study”, resuling in different genomic sampling rates, the wse of dif
ferent genomic sequencing pipelines, or wrue differences in transmis-
slon in the sampled population.

Paraguay's incarceration rate has dramatically increased, from &0
per 100,000 people n 2000 to 194 per 100,000 in 2020™*. More than
seventy percent of the incarceraved population are pre-trial detainees,
the highest proporion in Sowth America’. The unhealthy conditions of
prison environments pur people ar helghtened risk of disease and
martality; this risk translates Into an increasing concentration of TB
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within an individual's infection, and the oocurrence of a rifampicn resstance-
conferming mutation (el His445Leu). Source data are provided as a Source
Data file.

within prisons, with 18% (537/2503) of notified TB cases in Paraguay
occurring among Incarcerated individuals i 20207 Faraguay's TB
Control Program has worked in prisons since 2004 to provide trainings
for healthcare providers and all diagnostic and treatment supplies,
Inchuding kaboravory capacity for microblological testing in four prisons.

Owr findings highlight the critecal need to expand and strengrhen
existing programs to detect and treat TB early and to expand aware-
ness and knowledge of the risks assoclated with prison environmenits.
Isodates sampled from prisons were more frequently found in genomic
transmisskon clusters and had a higher dme-scaled haplotype density
than did Isolates from ouwtside prisons, phylogenetic evidence that
recent transmission was more frequent in prisons than in communities
outside prisons. Further, M. ruberculosts sampled from prisons and the
community were closely evolutionarily related and the majority of
putative transmissbon clusters, including individuals who were never
incarcerated also included people who had a recent Incarceration
history, indicating thar reducing transmissbon risk within prisons Is an
urgent public health priority with consequences both within and owt-
slde prisons.

While rates of drug reskstance were relatively bow, we found sev-
eral phylogenetically unique mutations assoclated with both Isonlazid
and rifampdcin resistance. These unique mutations could reflect either
the de novo acquisition of a resistance mutation or the importation of
a reskstance mutation from ourskde Paraguay. Regardless, there s a
crithcal meed for expanding drug-susceptibility testing, including both

rapld testing for rifampicin resistance in addition o isonkazid mono-
resistance are critical o ensure patients are put on cormect treatment
courses and to reduce the risk of further resistance acquisition' .

The emergence of an independent afpd mutation within a single
sublineage opens questions abouwt its phenotyplc consequences. Pre-
vious studies in laboratory strains have reported thar akpC mutations
are compensatory in the context of karG ksonlazld reskrance-
conferring mutatkons, by recovering the bacterium’s ability to detox-
Ify onganic peroxides, bur did not find measurable Isonlazid resistance
conferred by independent ahpC mutatons™. Genome-wide associa-
thon studles of clinical M. ruberculosts Isolates confirmed the com:
pensatory role of akpl mutations™. ahpl mutatlons did not meet the
criceria for being Included in the 2021 WHO catalogue of reskstance:
conferring mutatkons because they were either too rare or had a bow
positive predictive value for lsonlazid resistance as an independent
mutation™. However, a study of isonlazid-resistant isolates from Brazil
reported that while ahpC mutations often co-occumed with kants
mutations, they were also found in the absence of known resistance
mistations in &XG or infd™.

A previous genome-wide survival analysis identified lineages and
specific mutatons assoclated with pre-resistance, genomic back:
grounds that had a heightened likelihood of acquiring resistance-
conferring mutations”™. Whether afpC acts as in a similar way, gen-
erating a “pre-compensated” genomic background, increasing the
likelhood of future karG mutations, remains unknown.
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Cur study has several limitamsons. First, widle we sequenced all
avallable M. rberculosts culmres, our final sample size of M. neber-
culosis menomes was small relative to the number of notified TB cases
In our study departments over the sudy perlod. Some locally cir-
culating genotypes may, therefore, not be included In our sample
and may lead o an underestimate of the contribution of recent
transmission to incldent TB. However, we sampled over a moderately
lomg timeframe (five years) and included samples from high-
Incidence prisons and nelghboring communities, providing greater
opportunity to recover transmission events. Second, survelllance
focused on Paraguay’s urban centers, where the majority of TB
notifications acour. Future M. rubercwosis genomic survelllance in
the Chaco, western Paraguay, where Incldence is three times higher
than in eastern Paraguay”, Is needed. Addidonally, further analysls at
the reglonal-level will be critical for understanding transmission
between Paraguay and nelghboring countries. Third, we sampled TE
Infections from prisons at a higher rate than infections ourside
prisons, potentially blasing upwards estimates of the rate of genomic
clustering within prisons compared to outside prisons. Further, we
did mot have access to more deralled epidemiclogical data, such as
contact informatkon. Future studies integrating genomic data with
additional epldemiolegical data could be used o identfy other
locations potentlally contributing disproportionately o M. fbercu-
[osis transmission In Paraguay.

Finally, we sequenced solates from cultured sputum, as Is routl-
nely done for M. fubercwlosts genomic epldemiology, bur which limits
the within-host diversity recovered from an individual’s infecthon.
Future research s needed to develop sequencing approaches to
recover within-host M. aeberculosis variation and incorporate this level
of variatkon into the transmission and ancestral state reconsiruction.

Together, our results underscone an urgent need for TH controd
measures w interrupt ongoing ransmission in Paraguay, pardcularly in
high-incidence prison settdings, which have an outsized role in broader
transmission. Further, the connectivity of Paraguay’s urban centers
Indicates that TE control needs e be coordinated country-wide.

Methods

Study protocol

This research complies with all ethical regulations. The swudy was
approved by the ethlcs committee of the Central Laboratory of Public
Health of the Ministry of Health and Soclal Welfare of Paraguay
(imernational Cemification FWA B° FWADOO20088) with code CH-
LCSP 914000217, Informed consent was obtained (Prospective popu-
lation surveillance).

Inclusion and ethics

This study was designed and led by a team of researchers in Paraguay
(GES, G5, 5A) and Brazil (JC). The research seeks to characterize AL
rbercuiosls mansmission In order 1o direcdy Inform pricrites of the
MNatonal Program for Tuberculosls Control (NFTCh of Paraguay (SA,
G5} and, more broadly, the Paraguayan Ministry of Health (GS). This
wiork comprises part of the dissertation research of GES and G5. The
research was approved by a local ethics review committee and
Involved minimal risk vo study pamicipants.

Prospective population surveillance
‘We conducted population-based genomic survelllance in three of

Paraguay’s departments: Central, Distrito Capital, and Alto Parand,
which together comprise approximarely half (3,392 429 people) of the
country’s 2021 populaton of 7.4 millkon. Sputum samples are routinely
collected from all individuals presenting with symproms of TH at pri-
meary health clinics and sent to the Natbonal Program for Tubercuosis
Control (NFTC) of Paraguay reference laboratory for microbial diag:
mosthcs Including culture and smear microscopy. We sequenced all
avallable culture-positive Isolates from these three departments.

Srudy recruitment was done by study sEaff who visived parients ao
home and in prisons at the dme patlents began weatment ([Mrecty
Observed Therapy, DOT). At this time, the standard Matlonal TE Con-
trol Program questionnaire was conducted and patlents who chose to
enroll provided written consent for sequencing residual mycobacterial
cultures for culture-positive samples. Soudy staff also collected addi-
thonal demographic, clinical, residential, and epldemiolocal dara,
Including information on history of prier or current incarceration with
a structured questonnalne.

Sex was mot considered In study design; it was determined
through self-repore. OF the 458 Individual participants, 394 were men
and 94 were women, reflecting that recrukment focused on prisons. In
2022, the Incarcerated population in Paraguay was 95% male’. Median
age of study participants was 31 (I0R: 24-44).

Laboratory and sequencing methods

Sputum samgles were cultured In the Ogawa-Kudoh Method™ ™. Cul-
tures were Incubated at 37 *C and observed for growth twice aweek for
60 days. M rebercolosls DNA was extracted using Cerylorimethyl
ammonium bromide (CTAR) method ™.

Sequencing was conducted ar the Laboratorio Central de Saled
Pablica (LCSF), Paraguay Minisiry of Health; Centro para el Desarrollo
a la Investlgacidn Clentifica (CEDIC), Paraguay; and the Transktional
Genomics Fesearch Instioure (TGen), Arizona, US. DNA sequencing
libraries were prepared with the Humina DNA Prep library kic and
sequenced on an [Bumina MiSeq in Paraguay and an [llumina MextSeq
(2= 151-bp), at TGen. Raw sequence reads for samples passing filvers
are avallable at the Sequence Read Archive (PRINASTOG4E).

Variant identification

We identified M. ruberculosis genomic variation from whole genome
sequence data with a pipeline avallable at hrtps:/github.com,kswd/
mith pipeling (viy®. We previcusly conducted a variant identification
experiment to compare commonly used mapping and varlant calling
algorithms In M. mubercelosis genomic epidemiology”™. Briefly, we
generated 20 Independent Blumina readsets (2 = 151 bp) from the M.
tubercutosis strain CDC1551 genome in silico, with the next-generation
sequence-read simulator ART v. 258", Measuring performance
requires a wuth VCF of true varlant sites in the query genome with
respect to a glven reference genome. We generated a truth VOF for the
straln CD1551 query genome with respect to the H37Hv reference
genome by palrwise aligning the query genome (strain CDC1551) to
HA7Ry with MUMmer 3.2.0™ (nucrer maxmarch -c 15000, We identified
SNP wariants from the pabrwise alignments using MUMmer show-smps,
exduding ShPs with ambiguous mapping and indels {shouw-smps -Clr).
Simulated M. febercufiosts genomic data and truth VCF files indicating
vartants with respect to the reference genome are avallable here:
hopsy/purlstanford.edw/mri54nj9219. We compared varlants identi-
fied with our pipeling with the “muth VCF® to determine sensitivicy and
precision of our pipeline (Table 51).

We previously found that the combination of the bwa™ mapping
algorithm and CATK™" variant caler routingly minimizes false posi-
tive variant calls with minimal cost to sensidvity as compared to other
tood combinations”, in particular, when the FE/FPE genes are exchu-
ded. We, therefore, used this combination of tools in our pipeline. We
report the performance of our computational pipeline in recovering
true variants berween the CDC1551 query genome and H3TRy refer-
ence genome in Table S1

Briefly, we timmed low-quality bases. (Fhred-scaled hase qualiy
<203 and removed adapters with Trim Galore v. 0.6.5 (stringency=3)".
We used CurAdapt w42 w further filter reads (-nextseqg-
trirm=20 - minimum-length=20- pair-filter-anyy™.To exclude potentlal
contamination, we used Kraken2 to taxonomically classify reads and
remioved reads thar were not assigned to the Mycobacrerium genus or

that were assigned o a Mycobacteriwm specles other tham M
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ruberculosis'. We mapped reads with bwa v. 0.715 (b mem) ™ to the
H37Rv reference genome (NCBEI Accession: NC 0009623 and
removed duplicates with sambamba®'. We called varlants with GATK
4.1 HaplorypeCaller™, seming sample plobdy to 1, and GenotypeGVCFs,
Including non-varlant sites in output YCF files. We included varlant
sites with a minimum depth of 10X and a minimum varlant quality
score 40 and consoructed consensus sequences with befoools
consensus', excluding indets. We excluded SMFs in previously defined
repetitive regions (FPE and PE-PGRS genes, phages, inserdon sequen-
ces and repeats bonger than 50 bp)"’. We identified sub-lineage and
evidence of mixed Infection with TBProfiler v.4.2.0°", which is based
on the identification of >1000 lineage-specific $4Fs. We additlonally
used TBProfiler with the TBDB reposicory (hopsy)/gichubocom,
Jodyphelan/thdb)  which includes =2000 resistance-associated
mutatons*** complled from several sources, Including but not lim-
ited to the World Health Organization catalogue™

We do not categorize isolates harboring an independent {afpl)
mutaton as drug-resistant in phylogenies because it is not considered
Independently assockated with resktance In the World Health Orga-
nizathon Catalogue™ or other references.

FPhylogenetic and Bayesian evolutionary analysis

We constructed full-length consensus FASTA sequences from VCF
files, serting missing genotypes to missing. and used SMNF-sites to
extract a multiple alignment of internal variant sites only™*. We used
the R package ape to measure palrwise differences berween samples
(palrwise.deletion=TRUE) . We selected a best fir substinuwtion model
with ModelFinder”, Implemented In IQGTREE multicore verskon
2204, evaluadng all models that Included an ascertalinment bias
correction for the use of an alignment of $MFs only. The best fit
maodel according to Bayeslan Informadon Criterlon was K3Pu+F +
ASC + RS, a three substioution types model with unequal base fire-
quencies, an ascertalnment bias correction, and a FreeRate model of
rate heterogeneity across sites, including four caregories. We then fit
a maximum likellhood tree with 10-TREE, with 108040 ultrafast boot-
strap replicates ™,

Genomic clustering i often used as a proxy measure of recent AL
tuberculosls wansmission; solares thar are more closely genetically
related are hypothesized to be more likely linked through recent
transmissbon racher than travel-associated importatbon or re-activation
of genetically distinct latent infections.™* We applied a commaonly
used genetic distance thresholds of 12- and 5- or fewer SNFs to Identify
genomic clusters™ ™.

To investigate transmission pattemns in the three largest genomic
clusters more closely, we fir dmed Bayesian trees to mulktiple sequence
allgnments with BEAST 2.6.2%, using TE notification dates to callbrate
tips. Because of the short sampling dmeframe of our data, we fixed the
substitution rate to 1=1077 motadons/siefvear, s previously
described”, and consistent with previows estimates for the M. fuber-
culiosls lineage 4 substtuton rate™. To examing population dynamics
in the three largest clusters, we used a Coalescent Bayesian Skyline
madel” with 5 dimensions, allowing the effective population size to
change 4 tmes over the tree. We additionally fit a Bayesian tree to
sublineage 4.2.1.1 samples using a constant population size, fived
substitution rate model. Markov chain Monte Carlo chains were run for
200 million irerations, or longer, i required for convergence, exclud-
Ing 10% of samples a5 burn-in. We wsed reegnrosmor to produce
madmum clade credibility rees. We used the B package beautier to
construct XML files™ and corrected XML files for the number of con-
stant positions in SNP alignments. We visualized phylogenetic trees
with the R package gorree™™.

We calculated time-scaled haplotype density from a matrix of
palrwise SNP distamnces with the B package thd as previously
described* and compared time-scaled haplotype density between
Iindividuals who were never, formerly, or currently incarcerated

with t-tests. We set the M. mberculosls substitution race oo 1= 1077
substitutions per site per year and included an effective genome
length of 3,916,441 basepairs (the length of the reference genome
milnus the PE/FPE reglons excluded from variant calling) and used a
shart (20 year) and long (50 year) epidemic timescale. We com-
pared time-scaled haplotype density by Incarceration status with
r-tests and used analysis of variance o test for the independent
effect of Incarceration starus after controlling for M. rebercielosis
populathsn sructure™,

We tested for the assoclation bepween sub-lineage and city with
Chi-sguare tests. We Included Isolates within the three largest sub-
lineages identified (4121, 433, and 4.4.1.1) wo avold companson of
small sample sizes. We conducted discrete amcestral state recon-
struction for samgling locaton with the B package ape for the three
largest subrlineages in our collection'”. We restricted samples to those
from Asuncidn and Cledad del Este because of the small sample size
ourside those cites. We compared symmetric and asymmetric rates
miedels fit with the R package diversitres (make mb2) and compared
miodel fits with analysls of varance”. We used stochastlc character
mapping™ in the k package diversitree”’ o sample 500 location his-
tories for each sublineage ree; we summarized these as the number of
average movements between citles over the tree.

To test for genomic bocl assoclated with transmissibility, we
conducted a bacterial Genome-Wide Assocladon Smudy implemented
In the R package freewas”. This approach controls for bacterial chon-
ality and populaton structure by simulating mull genomic datasers, in
which there s no genotype-phenotype assodatkon, to compare with
the empirical dataset™. We tested If the binary phenotype of mem-
bership In a genomic cluster of size 15 or greater (Including the three
dominant clusters identified in our study) was assoclated with geno-
type. We additionally tested for a genotyplc association with mem-
bership in a genomic cluster of size 10 or more, or any clustering
imembership in a genomic cluster of size 2 or more).

Statistics & reproducibility
We included all M. reberculosis genomes passing coverage and quality

threshobds. We excluded isolapes with evidence of mixed lineage
Infection from the analysks. Mo statistical method was used vo pre-
determing the samphe size.

Reporting summary
Further information on research design ks avallable in the Mature
Portfolio Reporting Summary linked to this ardecle.

Data availability

Raw sequence data generated In this study have been deposited in the
Sequence Read Archive under accession PRINABTOG45. The HITRv
reference genome |s available on NCBI under sccession NC_000%962.3)
The phylogenetic trees and results of ancestral state reconstruction
and all other informadon displayed in fgures are provided in the
Source Dara files. Source data are provided with this paper.

Code availability
Oour M. rebercufosts variant identification plpeline is avallable at hetps:
github.com/keswdmith pipeline®.
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Figure 51. Genomic M. tuberculosis surveillance in Paraguay. Flowchart indicates the total momber of
notified cazes of TB m Paraguay, from 2016 to 2021; TE cazes in the three major urban departments of
Paraguay; TE cases in urban departments stratified by incarceration status at the time of TB notification;
bacteriologically and culture-confirmed TB cases; and number of cases for which sequenced A
fubercwlosis passed all quality filters and represented smgle infections.
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Figure 5I. Longitudinal changes in sampled M. fuberculosis genomic diversity. We
compared genomic diversity in our stody (2016-2021) with that sampled in the only previous
senetic study of A tubarculoris in Paraguay!. Stacked bar plots indicate the proportion of
samples falling in each clade. From left to right, panels indicate the total diversity sampled,
samples from Asuncion, Ciudad del Este, and from the 2003 study. Panels from the current study
are stratified by incarceration status at the time of TB notification; the 2003 study did not present
data stratified by incarceration status.
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Figure 53. Time-scaled haplotype density by incarceration status at the time of TB notification. We
measured time-scaled haplotype denzity, a measure of the centrality of a single tip isclate to all other
izolates on the tree, a proxy for recent transmission that considers not only the nearest phylogenetic
neighbor, but all tree trips. We calculated time-scaled haplﬁt'g.-'pe density from a matrix of pairwise SNEP
distances with the B package thd as previously described’. We set the M fubercudoris substitation rate to
1107 substitutions per site Per vear and included an effective genome length of 3,916,441 basepairs (the
length of the reference genome minus the PEPPE regions excluded from variant -::al]mE} and used short
{10 year) and long (20 vear) epidemic timescales. Bﬂ?:plcrts are colored by incarceration status at the time
of TB notification and include izclates from n=31 formerly incarcerated mdividuals, =149 currently
incarcerated, and =291 never incarcerated individuals. Boxes indicate the interquartile range, lines
mdicate median values, and whiskers indicate the range of the data. Points outside the whiskers indicate
outliers.
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Table 51. Performance metrics. Performance benchmarking of our pipeline in recovering
zingle nuclectide polvmorphisms (SNPs) in simmlated Illumina sequence data For each Metric,
the nmumber of simulated sequence sets (Eeplicates), the mean median, and standard deviation.
True vanants indicates the smumber of “true™ SNP variants identified through pairwise aliznment
of the query genome (strain CDC1351) to H3 7Ry with MUMmer® (nucmer maxmatch -¢ 1300).
We identified SNP variants from the pairwize aliznments using MUMmer show-snps, excluding
SENP= with ambiguouz mapping and indels (show-snps -Cl#). True positives and falze positives
indicate the number of true or false positive SNPs, respectively, identified by our algorithm.
Fegion indicates whether the PE/'PPE genes were excluded from analysis (No PE'PPE) or
whether the statistic refers to the full-length M. tuberculozis genome (Genome). In the analysiz
presented in thiz paper, we excluded the PE/PPE genes in order to maximize precizion.

Metric Replicates Mean Tedi Std. Dev.

True variants | 20 02400 | 92400 0.00 No PE/FPE
True positives | 20 243.40 243.00 1.14 No PE/PPE
Sensitivity 20 092 0.92 0.00 No PE/PPE
False positives | 20 333 3.00 040 Mo PE/PPE
Precision 20 1.00 1.00 0.00 No PE/PPE
True variants | 20 1501.00 | 1301.00 | 0.00 Genome
True positives | 20 114880 | 114930 | 324 Genome
Sensitivity 20 077 077 0.00 Genome
False positives | 20 70.75 70.00 291 Genome
Precision 20 094 0.94 0.0 Genome
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8. Discussion

While the phenomenon of TB in prisons has been extensively described, this thesis
delves deeper into the analysis of the characteristics of the TB epidemic in a country in
which the burden is concentrated within this population. Its epidemiological
characterization, including a genetic description component, as well as its interaction
and spill-over effect into the broader community, is perhaps the most significant

contribution of this entire body of work.

The overrepresentation of at-risk among people deprived of liberty (PDL) populations in
prisons establishes them as a reservoir of TB for the broader community. The escalation
of overcrowding over recent decades largely accounts for prisons not only serving as
reservoirs but also as the driving force behind the epidemic in the country. As described
in this study, these prisons overshadow the incremental successes achieved in

combating TB within the general population.

Unveiling the impact of TB in prisons on the broader community offers a fresh
perspective for shaping new TB control strategies within correctional facilities. Such an
approach must transcend the realm of healthcare alone. On one hand, within the
healthcare sector, efforts should focus on implementing more timely and accurate
diagnostic strategies for this population, reducing treatment initiation times, enhancing
treatment success rates, and proactively addressing potential challenges. Additionally,
healthcare protocols should emphasize that individuals with a history of incarceration

are at increased risk of developing TB outside prison settings.

However, a healthcare-focused approach alone will not suffice unless attention is
directed towards the structural determinants of the problem: the building conditions of
the prisons and overcrowding. As a result of the experiences and lessons learned during
the pandemic, it was gained a deeper understanding of the importance of ventilation in
shared spaces for controlling aerosol-transmitted diseases architecturally.
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Overcrowding, stemming primarily from legal origins, due to an excess of individuals
held in pretrial detention without a definitive sentence, must be addressed as part of TB
control efforts. The integration of these approaches will not only reduce the burden of
TB and other respiratory illnesses but will also improve the health and quality of life of
incarcerated individuals. Consequently, this will lead to a reduction in the epidemic
within the broader community. A healthy prison is also integral to the safety concerns

of the wider community and public health.

This section will systematically present four key themes and research questions
developed from the list of studies previously outlined in this thesis, along with the
limitations inherent in each. This section concludes with future considerations on the
topic and potential perspectives to implement that may help address this important

public health challenge.

Concentration of the TB Epidemic in Prisons

These first findings highlight the importance of prioritizing national TB control efforts on
prisoner populations. Although national TB incidence rates in Paraguay remained
unchanged over the past decade, the number of TB cases in prisons doubled during this
period. These increases among this high-risk population spoil gains from TB control
efforts among the general population. This trend threatens achievement of the END TB

and Sustainable Development Goals TB control targets(114).

The percentage of TB cases within Paraguayan prisons increased from 7.1% to 14.5% of
the total TB cases nationwide. In line with studies in Brazil, the general TB incidence rate
in Paraguay remained steady despite the escalating incarceration rate(41). These results
differ from the findings of a project with data of 26 eastern European and central Asian
countries, which showed that each percentage point of increase in incarceration rates
relates to an increased TB incidence of 0.34% for the whole country(122). Several
factors, such as different prisons infrastructure; HIV prevalence; or changes in
surveillance, economic, demographic, and political indicators might explain this finding.
Also, there could be a trend towards decline in Paraguay because the improvement in

other health-related indicators, but incarceration offset is such that the national trend
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was stable instead of decreasing. Thus, it is likely that national TB figures might not

decline until a considerable reduction in the TB burden is prisons is achieved(123).

Among the high-risk groups for TB in Paraguay are inmates and indigenous populations.
However, the extent to which TB cases among these groups contribute to the overall TB
burden in the community remains poorly understood(3). The high PAF of prison’s TB to
overall TB burden (14.4%) indicates that a considerable weight of national TB burden
occurs precisely in prisons. Although the PAF formulae has been used by landmark
studies for global TB burden in prisons, such as a 2010 systematic review (33), it does
not consider the cases of disease that arise in the community which are connected to
transmission in prisons: in relatives following infections during prison visits or disease in
ex-prisoner after released(124). A study from Brazil found that TB incidence among ex-
prisoners is higher than that of the general population several years following their
release, suggesting that including only cases arising duration incarceration results in an
underestimate of the true effect of prisons on the TB epidemic (39). Nonetheless, a high
PAF emphasizes the need for continuous efforts to prevent the spread of TB within

prisoners to reduce the TB burden.

In prison, individuals that are diagnosed for TB are more likely to have bacteriological
confirmation compared with cases occurring outside of prisons, as it has been observed
in three studies from Brazil (41,124,125). Prison conditions in Brazil are presumed to
resemble those in Paraguay, particularly in states or departments bordering each other.
Hence, there is a necessity to collaborate on transborder TB strategies for inmates in

both Brazil and Paraguay.(39)

Multi-Drug-Resistance TB (MDR-TB) incidence is low in Paraguay (0.99 per 100,000
population) and, although there is no data in prisons, it seems to be lower in this
population group(3). Importantly, much of the TB burden in the penal system is
concentrated in two prisons where more than one third of the national prison
population resides. Thus, although the TB epidemic among prisoners in increasing in
Paraguay as a whole, it was identified the prisons where enhanced control efforts should
be concentrated, and resources should be allocated. Perhaps one positive aspect of the

prison system in Paraguay is that it exhibits a higher rate of successful TB treatment
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compared to other at-risk groups such as indigenous populations, individuals with HIV

coinfection, or substance abusers, among others (120).

This thesis initially encountered certain limitations. Firstly, substantial heterogeneity
was observed mainly in the level of overcrowding and diagnostic capacity in differing
geographical regions and prisons. There is likely under-diagnosis of TB mainly in extra-
pulmonary TB (three times less in prisons than outside), as well as variation in reporting
over time, which influences notification trends. This degree of under-diagnosis is distinct
inside and outside of prisons. Secondly, the case detection rate is likely much lower in
prisons than the general population, which suggests that the contribution of TB from
prisoners to the national TB epidemic that was reported in this study is likely an
underestimate. Thirdly, TB cases occurring in recently released prisoners could not be
identified, contributing to poor TB case ascertainment, especially because the NTP does
not collect data concerning to prison records (37). Also, the PAF obtained through the
Levin formula is an underestimation. Levin's formula is oriented towards non-
communicable disease phenomena and this formula does not consider transmission
that occurs when prisoners leave prison and infect people in the general population.
More complex PAF modelling techniques were recently proposed which show higher
PAFs for communicable disease than those obtained with traditional analyses, but still

need to be validated(126).

Finally, these findings alert to the magnitude of TB crisis within the prison system in
Paraguay. They are useful to guide the development of TB control policies and national
strategic plans to improve TB programs in penal institutions. Prisons act as "institutional
amplifiers" or "reservoirs" of the disease on community (37,40). Special attention needs
to be paid about including physical prison infrastructure, early detection of cases,
isolation rooms and timely treatment initiation. This was a first baseline epidemiological
assessment for the country, and next studies pretend to assess whether measures
addressing prison specific TB drivers (implementation of mass screening strategies,

introduction of molecular diagnostic tools) are effective.
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Tuberculosis, a sentence during and after incarceration.

This part of the thesis reveals that the risk of TB remains heightened in individuals who
have been incarcerated for several years. By relating Paraguay's prison census data with
the National TB registry, it was uncovered a previously unrecorded prevalence of TB
among both current and former inmates. These findings indicate that a significant
percentage (15.1%) of those currently incarcerated or recently released have been
affected by TB. The TB rates among PDL seen in this study are amongst the highest for
any at-risk population recorded. Mix Ministries of Health (MoH) and Ministry of Justice
(MoJ) databases, and access detailed incarceration data provided us a unique
opportunity to follow this population that is notoriously difficult to track after leaving
prison. This thesis findings highlight a previously undocumented population health
consequence of incarceration in Paraguay and underscores the urgency of new

programs to protect the health of incarcerated and formerly incarcerated individuals.

This thesis showed that the risk of developing TB escalates sharply after entering prison,
surpassing the TB risk in the community by more than 100 times. The high TB rates found
after 8 years following incarceration indicate that when the conditions of incarceration
remain unchanged (overcrowding, smoking, malnutrition, etc.) the risk of developing TB
accumulates over time. This high risk can be attributable to the gradual progression of
new TB infections acquired in prisons and/or of pre-existing infections. In both cases,
risk is likely to be exacerbated by the presence of risk factors favouring TB progression.
Similarly, when PDL are released, the risk of developing TB is much higher than in the
general population at more than 30 times in the first two years after release. Although
this risk decreases gradually, it remains 10 times higher than the risk of TB in the general
population over 8 years of follow-up. This expected increase in the TB risk occurring
while deprived of liberty and the decrease in risk after release confirms that prisons are
environments which contribute to the propagation of TB. In this context, well known
individual determinants of TB, such as smoking, drug abuse or poverty, are insignificant
factors in enhancing the TB risk in the already high-risk, high transmission environment
of prisons. The poor conditions of Paraguayan prisons, mostly driven by overcrowding,
poor ventilation, limited access to healthcare and high exposure periods, may

overshadow the progress that may be made in TB control in the community (4,127).
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The increased risk of TB linked to incarceration also weakens broader TB control efforts,
as individuals infected with M. tuberculosis within prisons may spread the bacteria

outside prison confines.

Environmental and structural changes in these institutions may have a considerable
impact on TB control. However, reducing overcrowding will not be sufficient to
substantially reduce the TB burden in Paraguay's prisons (in the least crowded prison
cells, 5.3-10.3% of individuals developed TB). These findings are in line with those from
Brazil, where the risk factors associated with prison environments, increase TB incidence
more than the risk factors associated with the individual factors of this high-risk
population. Hence, implementing focused structural interventions within prisons could
significantly impact the wider TB epidemic. Moreover, diminishing the reliance on
imprisonment and notably decreasing the size of prison populations will reduce the

number of individuals susceptible to heightened TB risk (39)

Although the overall incidence rate of TB in prisons is not dramatically increasing, the
recent upward trends in general rates of incarceration will result in a considerable
increased number of TB cases in prisons that would otherwise not exist. This observation
could be correlated with the increase in overall TB incidence rate reported for Paraguay.
The proportion of PDL with a definitive sentence for a crime was only 26.2% at the time
of the census, the remaining ones were pre-trial detainees, awaiting the judicial process
for a trial. In Latin America, Paraguay has one of the highest proportions of pre-trial

detainees among all PDL (31).

It was found that re-admission into prison is related to the type of crime (robbery/theft)
with a short sentence (less than 3 years on average) that mostly occurs to younger
prisoners. This is the most frequent profile of PDL readmitted into prison. A key question
is whether the TB risk in this population is higher in the community before first entering
prison. This could be done by comparing pre-existing high-risk attributes -- such as
poverty, illiteracy, drug abuse, HIV and others—among persons first entering prison and
persons that have not been incarcerated. The evident increase in TB risk occurs upon
incarceration. This phenomenon has already been described before for several

contagious diseases (26,39,128).
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In Latin America, the collaboration between authorities that are responsible for public
health and those that govern prisons is insufficient. This is also why it is hard to find
documented evidence of TB history or incarceration history among TB cases that occur
in the community, which makes this analysis unique in the region(39). Renewed joint
efforts between these two sectors are needed to improve overall TB control, but

particularly to address TB in prisons.

This part of the thesis had also several limitations. Firstly, utilizing cross-sectional data
for the collection of baseline variables has certain considerations. The sociodemographic
characteristics of the PDL were collected through census questionnaires and might not
be accurately captured by the discrimination and stigma that the PDL population is
subjected to. Secondly, the study cohort includes five of the 18 prisons in the
Paraguayan penal system, including two of the largest prisons with the highest TB rates
in the country. Larger prisons hold more prisoners with higher overcrowding, and these
large prisons were overrepresented in this study. Additionally, if any of the prisoners
included in this study had readmissions to prisons other than those selected, this event
could not be recorded for analysis, potentially underestimating the total time a PDL was
in prison. Thirdly, the TB episodes are based on TB notification from the NTP, and it is
well known that the surveillance system misses a proportion of the real TB cases. Thus,
although this study finds very high TB rates, the real prison attributable rate may be
even higher. Lastly, deaths from non-TB related causes that occurred after release could
not be registered, leading to an overestimation of the total follow up time and an

underestimation of the TB burden in this subset of individuals.

The results of this part of the thesis show that prisons are a high risk setting for the
development of TB, and that the risk continues after release. There is a critical need to
develop new TB control strategies to achieve the WHO global targets for 2035 and it is
believed that implementing and strengthening TB control interventions in prisons
cannot be neglected to achieve these goals. Specific interventions within prisons are
likely to have a valuable impact on reducing the TB epidemic. However, these
interventions should not solely focus on biomedical approaches such as active diagnosis,
mass screening, and secondary IPT(39,75). In addition, it is important to consider

architectural reforms aimed at improving the living conditions within penitentiary
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centres and legal reforms including decarceration, reducing reliance on incarceration,
and preventing the imprisonment of individuals who have not been sentenced. These
measures should be implemented with a strong focus on upholding human rights

principles.

Genetic Dynamics of Tuberculosis in Prisons and their
Surrounding area.

This section of the thesis produced the initial genomic depiction of circulating M.
tuberculosis diversity and transmission dynamics, directly informing the priorities of
Paraguay’s national TB control program. The thesis showed that most TB cases included
were likely attributable to recent transmission and identified three dominant clones,
which dramatically expanded over the past twenty years and spanned prisons and
surrounding communities. Overall, a pattern of close genomic relatedness between M.
tuberculosis sampled within and outside prisons was found. While M. tuberculosis is
geographically structured in Paraguay, a signal of continuous movement of M. TB

between Paraguay’s major metropolitan areas was identified.

The thesis shows that most sampled infections were likely attributable to recent
transmission rather than long-distance migration or activation of latent disease, like
what has been reported in other medium-incidence countries(42). Consistent with
expectations that clustering rates may correlate with incidence, when applying a 5-SNP
threshold, it was found that isolates from Paraguay were more frequently clustered
(45%) than those from a low-incidence setting in Spain (23%) and less frequently
clustered than in a high-incidence setting in Mozambique (58%). Interestingly, a higher
rate of clustering was shown, compared to what was reported in Malawi (36%), a high-
incidence setting. This could reflect the shorter, one year sampling timeframe of the
Malawi study(129), resulting in different genomic sampling rates, the use of different
genomic sequencing pipelines, or true differences in transmission in the sampled

population.

Isolates sampled from prisons were more frequently found in genomic transmission
clusters and had a higher time-scaled haplotype density than did isolates from outside
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prisons, phylogenetic evidence that recent transmission was more frequent in prisons
than in communities outside prisons. Additionally, M. tuberculosis sampled from prisons
and the community were closely evolutionarily related and most putative transmission
clusters, including individuals who were never incarcerated also included people who
had a recent incarceration history, indicating that reducing transmission risk within
prisons is an urgent public health priority with consequences both within and outside

prisons.

While rates of drug resistance were relatively low, several phylogenetically unique
mutations associated with both isoniazid and rifampicin resistance were found. These
unique mutations could reflect either the de novo acquisition of a resistance mutation
or the importation of a resistance mutation from outside Paraguay. Regardless, there is
a critical need for expanding drug-susceptibility testing, including both rapid testing for
rifampicin resistance in addition to isoniazid monoresistance are critical to ensure
patients are put on correct treatment courses and to reduce the risk of further

resistance acquisition (130,131).

The emergence of an independent ahpC mutation within a single sublineage opens
guestions about its phenotypic consequences. Previous studies in laboratory strains
have reported that ahpC mutations are compensatory in the context of katG isoniazid
resistance-conferring mutations, by recovering the bacterium’s ability to detoxify
organic peroxides, but did not find measurable isoniazid resistance conferred by
independent ahpC mutations(132). Genome-wide association studies of clinical M. TB
isolates confirmed the compensatory role of ahpC mutations(133). ahpC mutations did
not meet the criteria for being included in the 2021 WHO catalogue of resistance-
conferring mutations because they were either too rare or had a low positive predictive
value for isoniazid resistance as an independent mutation(134). However, a study of
isoniazid-resistant isolates from Brazil reported that while ahpC mutations often co-
occurred with katG mutations, they were also found in the absence of known resistance

mutations in katG or inhA(135).

A previous genome-wide survival analysis identified lineages and specific mutations
associated with pre-resistance, genomic backgrounds that had a heightened likelihood

of acquiring resistance-conferring mutations(136). Whether ahpC acts as in a similar
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way, generating a “pre-compensated” genomic background, increasing the likelihood of

future katG mutations, remains unknown.

This part of the thesis had several limitations. Firstly, while all available M. tuberculosis
cultures were sequenced, the final sample size of M. tuberculosis genomes was small
relative to the number of notified TB cases in the study departments over the study
period. Some locally circulating genotypes may, therefore, not be included in the sample
and may lead to an underestimate of the contribution of recent transmission to incident
TB. However, they were sampled over a moderately long timeframe (five years) and
included samples from high-incidence prisons and neighbouring communities, providing
greater opportunity to recover transmission events. Secondly, surveillance focused on
Paraguay’s urban areas, where most TB notifications occur. Upcoming M. tuberculosis
genomic surveillance in the Chaco, western Paraguay, where incidence is three times
higher than in eastern Paraguay(137), is needed. Additionally, further analysis at the
regional level will be critical for understanding transmission between Paraguay and
neighbouring countries. Thirdly, TB infections were sampled from prisons at a higher
rate than infections outside prisons, potentially biasing upwards estimates of the rate
of genomic clustering within prisons compared to outside prisons. Moreover, access to
more detailed epidemiological data, such as contact information, was not available.
Coming studies integrating genomic data with additional epidemiological data could be
used to identify other locations potentially contributing disproportionately to M.

tuberculosis transmission in Paraguay.

Finally, isolates from cultured sputum were sequenced, as is routinely done for Mtb
genomic epidemiology, but which limits the within-host diversity recovered from an
individual’s infection. Future research is needed to develop sequencing approaches to
recover within-host M. tuberculosis variation and incorporate this level of variation into

the transmission and ancestral state reconstruction.

Together, these results provide evidence of transmission from prisons to the community
and underscore an urgent need for TB control measures to interrupt ongoing
transmission in Paraguay, particularly in high-incidence prison settings, which have an
outsized role in broader transmission. Supplementary, the connectivity of Paraguay’s

metropolitan areas indicates that TB control needs to be coordinated country wide.
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Some proposals based on the knowledge gained.

Most NTP in the Latin American region define PDL as one of the high-risk populations
(such as indigenous population, drug users, immigrants, among others). The proportion
of TB cases occurring among PDL is commonly reported in the performance indicators
of NTPs. However, this indicator underestimates the true fraction of all TB cases that are
attributable to prisons. The significant turnover of the incarcerated population,
combined with long and variable TB latency periods, results in a considerable segment
of individuals (ranging from 23% to 42%) who acquire TB infection in prison but only
progress to disease once they are released (37,39,138). Even those who develop TB
disease in prison may not be diagnosed until after release from prison, due to under-
detection in prisons. History of incarceration is typically not an element of notification
databases, so cases occurring in the community among individuals with prior
incarceration are not currently recognized by the NTPs as being related to prisons.
Furthermore, this thesis provides evidence from molecular epidemiology, indicating that
genomic clusters of TB present in the community are shared among individuals,
regardless of their history of incarceration. This suggests the potential onward

transmission of TB cases originating in prisons to the broader community (42,43).

It is also essential to focus efforts on identifying and treating latent TB infection more
effectively. There are fewer data available concerning the incidence of TB infections, a
recent meta-analysis documented a very high pooled incidence of 15 people acquiring
infection per 100 person-years (27). These high rates of infection point towards an

opportunity prevent TB disease and subsequent transmission using TPT.

A key question for programs providing testing and treatment of TB infection is the timing
of screening. In high TB—burden communities, and among previously incarcerated
individuals, the prevalence of TB infection is often high, supporting an approach of
screening at entry or re-entry. By contrast, among individuals incarcerated for the first
time in communities with low or moderate TB incidence, prevalence may be low at
entry. For example, a study in Brazil found that <10% of individuals had positive

tuberculin skin tests at the time of first incarceration but then incurred a >20% annual
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risk of infection during incarceration (123). These data suggest that screening for TB
infection should be performed at prison entry and periodically to assess for incident
infections. In settings with high transmission rates, twice annual screening for incident
infections may be needed, with the latter serving to identify recently infected individuals

in time to initiate TPT and prevent disease.

Screening for TB infection may be performed by tuberculin skin tests (TSTs) or interferon
gamma release assays (IGRAs); the latter are typically more expensive and require
phlebotomy and laboratory equipment. Both approaches, however, confer different
advantages with respect to specificity and sensitivity, as well as the need for follow-up.
In some high TB—burden settings, including prisons, programs have elected to forego
testing for TB infection and directly offer preventive treatment to all high-risk individuals
(99). The rationale for this may be multifold: (1) in high transmission settings, the
majority of individuals will harbor TB infection, and the risk of a false negative IGRA/TST
is greater, particularly among those with HIV in whom TST has reduced sensitivity; (2)
TPT may prevent infections while it is taken, as some clinical trial evidence suggests (96);
(3) historical studies in high transmission settings suggested that individuals with
negative TSTs were at highest risk of TB, presumably due to greater susceptibility to
initial infection; and (4) the costs of TPT are lower than IGRA testing. Although there
have been shortages in tuberculin for TST, new TB antigen-based skin tests may soon
mitigate this problem. The innovation of providing “community-wide” preventive
treatment in settings with very high transmission rates is not a new one, but such
strategies need to be balanced against risks of adverse events, particularly in
populations with medical comorbidities that elevate risk of drug toxicities. Testing for
TB infection must be combined with screening for TB disease, ideally using both
radiography and rapid molecular diagnostics, to identify individuals who require
treatment. Many prisons, particularly in low and middle countries (LMIC), lack
functioning equipment and personnel for performing chest radiography. New, portable
chest radiography systems, paired with automated interpretation software, hold
promise for making radiography-based screening for disease more accessible in prisons

(78).
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Regarding preventive treatment in carceral settings, historically, commonly utilized
regimens included TPT, which consisted of daily isoniazid (INH) for 6 to 9 months. The
effectiveness of this strategy in these settings has been limited, however, due to low
treatment acceptance and completion rates. Equally efficacious short-course regimens,
including a 3-month (12 weekly dose) regimen of high-dose isoniazid and rifapentine
(3HP), have led to markedly improved completion rates in carceral settings compared
with 6 or 9 months of INH (139,140). Two recent studies illustrate successful models for
short-course—based TPT in high-burden LMIC prisons. In Malawi and Pakistan, 3HP
acceptance in prisons exceeded 95% and completion rates were over 85%, with low
rates of adverse events (99,102). The cost of rifapentine remains one of the major

obstacles to adoption and scale-up of short-course TPT regimens in LMICs.

In another approach, a straightforward but crucial surveillance change is that NTP
notification forms must include incarceration history, specifying facility, duration, and
dates (141). This ensures more accurate documentation of the TB burden attributable
to incarceration. Furthermore, considering that the risk of developing TB is high among
former PDL, particularly during the first few years after release from prison, it is
imperative to systematize this variable in the documentation of medical history or data
collection tools (like questions about smoking or drug use). This approach enhances the
likelihood of requesting a confirmatory laboratory test for TB in suspected cases and
may also be relevant for contact tracing efforts in first-degree relatives or cohabitants.
It is important to consider that a history of incarceration can be stigmatizing. Asking
about it may cause tensions between patients and healthcare staff. Therefore,
appropriate questions should be developed with relevant stakeholders and focus

groups. This helps to craft questions that reduce barriers to healthcare access(142).

Another politically oriented element that needs profound rethinking is the governance
of health care within prisons. On this topic, infectious disease surveillance experts and
researchers actively working on TB control from 14 LA countries were consulted in May
2023. In most countries, except Ecuador and Panama, prison healthcare is not governed
by the MoH. This responsibility is primarily vested in the MolJ. In all instances, MoH only
intervenes in response to large-scale issues reported from prisons. This causes the entire

hierarchical structure of the healthcare staff in prisons to have different rules, codes,

101



and work cultures than the rest of the healthcare system. This adds complexity to the
management and communication with the country's healthcare service network. It may
also pose challenges to continuity of care for individuals who are released from prison

or become incarcerated during TB treatment.

There are experiences of good practices regarding governance of healthcare in prisons
by MoH, mainly in Europe. In the 90s, the HIV epidemic and the increase in intravenous
drug use exacerbated the health problem in European prisons and led to an increase in
TB (13). This led to the creation of a network dedicated to improving prison health in the
WHO European Region. The European Health in Prisons Program (HIPP) is the only WHO
network addressing prison health, and it is not available in other regions. This network
has greatly facilitated the exchange of experiences, the evaluation of the impact of
various interventions, and the development of best health practices in prison settings.
The transfer of governance in healthcare within prisons from the Mol to the MoH is one
of the initial and key recommendations of the HIPP (14,111). The implementation of this
change not only affects TB indicators or the ability to effectively track cases once
released from prison. It has a positive impact on the more comprehensive approach to

the health of PDL, as demonstrated in several studies (46,143,144).

El Salvador and Brazil are countries that are in the process of transitioning the health
governance in prisons. The former is making significant investments in improving the
infrastructure of its prisons, amidst a crisis of excessive incarceration rates, but with an
increasingly empowered support from the MoH. In the case of Brazil, the transfer of
governance of health within prisons is being shifted from the Mol to local governments,
who oversee healthcare systems within their jurisdictions (145,146). These transitions

are gradual and linked to the organizational health care system of each country.

It is worth acknowledging that Pan American Health Organization (PAHO) is one of only
two WHO regional offices that does already report burden of TB in prisons (the other is
the European WHO region)(147). Moreover, the WHO in its 2023 Global TB Report
emphasized the importance of TB in prisons as a strong risk factor that deserves further
attention and action towards (148). This shows recognition of the role of incarceration
in driving TB transmission and the need for interventions in prisons. While these are

important steps, it will be critical to ensure that TB surveillance includes information
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regarding history of incarceration (either the person or close contacts), and to expand
reporting of incarceration-related TB in other regions. This will improve the
understanding of the TB burden attributable to incarceration, which will inform targeted

prevention efforts to accelerate progress towards TB elimination targets.

To achieve a more holistic approach to addressing this crisis, it is needed to shift the
focus from discussing TB in prisons to discussing incarceration-related TB. This would
facilitate a more appropriate and comprehensive approach that would help
understanding that this is a public health issue, centred in prisons, but extending beyond

their boundaries and increasingly impacting community health in many countries.
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9. Conclusions

1. Over the past decade, tuberculosis epidemic has been particularly concentrated
in penitentiary centres, leading to a doubling in the proportion of cases within
these establishments compared to the national tuberculosis case count. This
trend is closely linked to the significant overcrowding observed in prisons across

Paraguay and Latin America.

2. Tuberculosis becomes part of the sentence when one enters prison, a sentence
that becomes even harsher during the incarceration period. Furthermore, upon
release, individuals still exhibit a higher risk of falling ill compared to the

population who has never been incarcerated.

3. Once incarcerated, individual determinants of tuberculosis development
become insignificant compared to structural conditions such as ventilation and

overcrowding in cellblocks and cells.

4. Nearly half of the tuberculosis cases among individuals with a history of
incarceration develop after they have been released and are back in the

community. This is not a typical prison-related tuberculosis burden.

5. Predominant tuberculosis lineages are evident in the epidemic, primarily
concentrated within the oldest prison, spreading to other prisons through the
PDL movement. Moreover, these lineages also extend into the broader

community.

6. Clusters have been identified where prisoners, former prisoners, and individuals

with no history of incarceration coexist, showing signs of recent transmission.
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This underscores the significant interaction between the incarcerated

population and the general population.

Key areas have been identified for proposing public health interventions,
focusing primarily on biomedical strategies. These include implementing mass
screenings for tuberculosis and tuberculosis infection, as well as advancing
tuberculosis infection treatment. Secondly, enhancing surveillance and
diagnostic criteria algorithms to investigate incarceration history. Thirdly,
empowering Ministries of Public Health to address prison health issues. Lastly,

facilitating the exchange of lessons learned in the different settings involved.
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