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The Impact of Ventilation and Early Diagnosis on Tuberculosis Transmission in Brazilian Prisons

Juliana Urrego, Albert I. Ko, Andrea da Silva Santos Carbone, Dayse Sanchez Guimarães Paião,
Renata Viebrantz Enne Sgarbi, Catherine W. Yeckel, Jason R. Andrews,*† and Julio Croda†

Yale School of Public Health, New Haven, Connecticut; Fundação Oswaldo Cruz, Ministério da Saúde, Salvador, Brazil; Hospital Universitário
de Dourados, Universidade Federal da Grande Dourados, Dourados, Brazil; Stanford University School of Medicine, Stanford, California;

Faculdade de Ciências da Saúde, Universidade Federal da Grande Dourados, Dourados, Brazil; Fundação Oswaldo Cruz,
Ministério da Saúde, Campo Grande, Brazil

Abstract. Prisoners have among the highest incidence of tuberculosis (TB) globally. However, the contribution of the
prison environment on transmission is not well understood and structural characteristics have received little attention
as effective epidemiological interventions in TB control. We evaluated architectural characteristics and estimated venti-
lation rates in 141 cells in three prisons in central west Brazil using steady-state exhaled carbon dioxide (CO2) levels.
We used a modified Wells–Riley equation to estimate the probability of infection for inmates sharing a cell with an
infectious case and projected the impact of interventions, including early diagnosis and improved ventilation. Overall,
prison cells were densely populated (mean 2.1 m2 per occupant) and poorly ventilated, with only three cells meeting
World Health Organization (WHO) standards for per-person ventilation (60 L/s) applied in infection control settings.
In the absence of interventions, projected mean risk of infection was 78.0% during a 6-month period. Decreasing time-
to-diagnosis by 25% reduced transmission risk by 8.3%. Improving ventilation to WHO standards decreased transmis-
sion by 38.2%, whereas optimizing cross-ventilation reduced transmission by 64.4%. Prison environments promote high
infection risk over short-time intervals. In this context, enhanced diagnostics have a limited impact on reducing transmis-
sion. Improving natural ventilation may be required to effectively control TB in prisons.

INTRODUCTION

Despite global progress in the control of tuberculosis (TB),1

the burden of disease, particularly in medium- and low-
burden countries, may be increasingly concentrated in high-
risk subpopulations. Prisoners consistently have among the
highest rates of TB in the world, in many settings exceed-
ing 20 times the incidence of the general population.2 Penal
institutions may represent “institutional amplifiers” of TB
epidemics,3 given the dynamic, transient nature of prisoner
populations, which in turn may fuel broader transmission in
community settings.
Although the burden of TB in prisons has been well char-

acterized, there have been few data on successful interven-
tions for reducing the incidence of disease in correctional
facilities. Nearly all studies have focused on early diagnosis
of active TB through radiography or rapid diagnostics.4–7

Such interventions do not address the fundamental conditions
favoring the transmission of TB, which may be critical for
making a durable impact on epidemics in prisons. To do so, a
better understanding of the role of underlying environmental
epidemiology of prisons on TB transmission is needed.
Since the pioneering studies of Wells, Riley and others in

the 1950s, the importance of ventilation on transmission of
TB has been evident.8 Subsequent work has clarified the role
of specific “real-world” conditions and TB risks.9–13 However,
most of this work has focused on hospital settings, which has
resulted in guidelines for infection control in health-care envi-
ronments.14,15 There has been a dearth of primary data on
ventilation in other high-risk environments, including prisons,
which has hampered our ability to identify effective strategies
for addressing transmission in these settings.

Brazil has the fourth largest prison population in the world,
with over 545,000 inmates residing in 1,478 prisons.16 Multiple
studies in prisons throughout Brazil have documented active TB
prevalence in excess of 2,000 cases per 100,000 inmates.14,17–20

The central west state of Mato Grosso do Sul has the highest
incarceration rate in the country. In this setting, we obtained
empirical data on architecture, ventilation, and occupancy and
projected the impact of diagnostic and environmental inter-
ventions on TB transmission.

METHODS

Setting. The state of Mato Grosso do Sul in Brazil has a
population of 2.5 million. In 2012, the incarceration rate was
497 per 100,000, the highest in the country.21 We selected
three medium-security prisons located near international or
domestic borders, where drug-trafficking crimes are prevalent,
as study sites. Estabelecimento Penal de Corumbá (EPC),
near the Brazil–Bolivia border, has an occupant capacity of
208 inmates in 35 cells. Penitenciária de Três Lagoas (PTL),
near the state border with São Paulo state, has a capacity of
255 inmates in 97 cells. Unidade Penal Ricardo Brandão
(UPRB), near the Brazil–Paraguay border, has a capacity of
155 inmates in 26 cells. Overcrowding in all three prisons is
persistently high. The reported state average occupancy rate
was 175.4% in 2012.21

Architectural and environmental measurements. The study
team entered all 141 cells in the three prisons to survey
architectural and environmental characteristics: occupancy,
floor area, ceiling height, number of beds, bed layout, build-
ing materials, wall thickness, area of open windows and
doors, window and door type, presence of cross-ventilation
design, temperature, relative humidity, presence of openings
facing prevailing winds, indoor ventilation obstructions, and
portable fans. In addition, the study team surveyed area of
courtyard, outdoor temperature, and wind speed.
Ventilation measurements. To assess room ventilation, dif-

fusion of carbon dioxide (CO2) is frequently measured
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because of its safety and ease of measurement.22,23 Typically,
the tracer gas concentration decay technique is used to esti-
mate ventilation, wherein a room is cleared of occupants and
a cartridge containing a high concentration of CO2 is released.
However, when CO2 cartridges cannot be released (or a
room cannot be cleared of its occupants for a substantial
period of time), exhaled CO2 can be used as a natural tracer
gas to assess ventilation.23 For security reasons, the latter
approach was used. Steady-state CO2 concentration after at
least 14 hours of closed cell occupancy was measured using a
portable continuous CO2 sampling device (Extech Instru-
ments, Waltham, MA).
Analytic approach. The absolute ventilation rate (Q; in L/s)

for each cell was calculated based on the equilibrium
between ventilation and CO2 production through respira-
tion23 according to the following equation:

Q ¼ 106 �G
Cin;eq � Cout
� �

The CO2 generation rate in the space (G) is a function of
the average CO2 generation rate per person at rest, 0.0052 L/s,
and the number of occupants.23 Here, equilibrium CO2 con-
centration in the cell (Cin,eq) and outdoor CO2 concentration
(Cout) are expressed in parts per million (ppm).
Statistical analysis. One-way random effects analysis of var-

iance was used to determine the extent to which cells within
the same prison were similar to each other in terms of abso-
lute ventilation. We used univariable regression to assess the
association between environmental characteristics of cells and
absolute ventilation estimates. Significant variables at P < 0.2
were then included in a full multivariable hierarchical linear
model. Backward elimination was used to remove variables
not significant at P < 0.05 until a parsimonious model was
achieved. For all hierarchical models, absolute ventilation was
normalized by log10-transformation. Data were analyzed using
SAS 9.4 (Cary, NC).
Spatial distribution of ventilation. Although air changes per

hour (ACH) has classically been used as a metric for assess-
ing infection control risks, per person ventilation rates are a
better measure of risk of airborne infection.15 World Health

Organization (WHO) guidelines recommend a minimum of
60 L/s/person for the prevention of airborne infections in
naturally ventilated health-care settings.15 To identify macro-
and microenvironments of ventilation within the prisons, quin-
tile values of ventilation rates were calculated and overlaid on
architectural floor plans.
Transmission modeling. We estimated transmission proba-

bilities by applying a non-steady-state version of the Wells–Riley
equation, which describes airborne transmission probabili-
ties within a space with defined ventilation characteris-
tics.12,24–26 The probability of infection (P) is given by the
following equation:

P ¼ 1� e�Ipqt=Q

Rudnick and Milton revised the classic Wells–Riley equation
to allow the estimation of the probability of infection in a con-
fined space when total exposure occurs in a single time period:

P ¼ 1� exp � Iqpt
Qθ

1� V
Qθ

1� exp �Qθ
V

� �� �� 	� �

Here, the probability of infection is a function of the number
of infectious individuals in a room (I), respiration rate ( p),
quantum generation rate by an infected person (q), total expo-
sure time (t), volume of the confined space (V), time elapsed
from when the room becomes occupied (θ), and germ-free ven-
tilation rate (Q). We estimated the probability of TB infection
in the presence of one infectious individual in a cell.
Model parameters. Germ-free ventilation rate was estimated

for each prison cell as described above (Supplemental Table 1).
The existing literature provides variable estimates for the
infectious quanta rate (q). Wells and others estimated q to be
1.25 quanta per hour for smear-positive individuals, whereas
Escombe and others estimated q to be 8.2 quanta per hour.8,27

We used the more conservative estimate of 1.25 for our model
and adjusted for the proportion of smear-positive individuals
reported among these prisons (34.6%). We assumed the rela-
tive infectiousness of smear-negative individuals at 0.2.28 The
mean ventilatory rate of adults at rest was assumed to be
360 L/hour. The period of infectiousness is variable among

TABLE 1
Description of the sample, by prison (N = 141 cells)*

Cell characteristic† EPC (N = 32) PTL (N = 85) UPRB (N = 24) P value‡

Individuals per cell 13.2 ± 5.9 5.8 ± 2.7 11.7 ± 6.0 < 0.001
Beds per cell 6.4 ± 4.1 2.9 ± 1.5 5.7 ± 1.7 < 0.001
Absolute ventilation (L/s) 119.1 ± 54.0 128.7 ± 74.4 202.3 ± 217.5 0.008
ACH 12.6 ± 4.6 15.0 ± 12.5 21.8 ± 26.7 0.066
Steady-state CO2 (ppm) 989 ± 204 652 ± 159 775 ± 158 < 0.001
Floor area (m2) 13.1 ± 6.9 13.3 ± 4.7 13.0 ± 3.6 0.959
Ceiling height (m) 2.9 ± 0.2 3.2 ± 0.2 2.9 ± 0.2 < 0.001
Opening area (m2)§ 4.3 ± 0.8 2.8 ± 0.3 5.1 ± 3.9 < 0.001
Openings facing prevailing winds, n (%)∥ 14 (43.8) 40 (50.0) 8 (33.3) 0.346
Interior concrete walls 2.5 ± 1.1 2.3 ± 1.0 2.0 ± 0.5 0.144
Portable fans 7.5 ± 8.0 2.6 ± 1.5 5.7 ± 2.8 < 0.001
Cells per courtyard 3.8 ± 1.4 19.4 ± 6.1 4.6 ± 1.7 < 0.001
Courtyard area (m2) 55.0 ± 17.1 316.3 ± 94.7 54.0 ± 15.9 < 0.001
Recreational time (hours) 7.2 ± 4.5 4.0 ± 2.4 9.3 ± 1.0 < 0.001

ACH = air changes per hour; EPC = Estabelecimento Penal de Corumbá; PTL = Penitenciária de Três Lagoas; SD = standard devaition; UPRB = Unidade Penal Ricardo Brandão.
*A total of 1,047 inmates in 141 cells.
†Table values are mean ± SD for continuous variables and n (column %) for categorical variables.
‡P value is for t test (continuous variables) or χ2 test (categorical variables).
§Area of open windows and/or doors.
∥Windows and/or doors facing prevailing winds during winter.
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different study populations; by comparing cross-sectional preva-
lence with TB incidence (notifications) among inmates of Mato
Grosso do Sul,29 the average duration of infectiousness prior
to diagnosis was estimated to be 180 days.
Interventions. We then examined the effects of improved

ventilation and case finding. To project the effects of improve-
ments to case finding, enhanced diagnosis was modeled as a
25% (45 days) reduction in time-to-diagnosis, as may be achieved
by enhanced diagnostic interventions. We examined three
improved ventilation scenarios: 1) increasing ventilation in cells
with less than 12 ACH to achieve 12 ACH14; 2) increasing per-
person ventilation to the WHO recommendation for naturally
ventilated health care settings (60 L/s/person)15; and 3) optimizing
cross-ventilation design conditions, within the existing opening
sizes. Wind-driven natural ventilation rate through a cross-
ventilated room can be estimated by the following equation15:

ACH ¼
0:65� wind speed m=sð Þ

� smallest opening area m2
� � � 3; 600 s=h

room volume m3ð Þ

For each prison cell, we estimated cross-ventilated ACH
assuming existing architectural (e.g., room volume and area
of smallest opening) and environmental conditions (e.g.,
wind speed). Smallest opening area was calculated as the
mean window size in each corresponding prison.

RESULTS

Architecture, occupancy, and ventilation. In total, the three
prisons housed 1,217 inmates in 141 cells (mean: 8.6 inmates
per cell), who were locked in cells for a mean of 18.4 hours
per day, with an average of 2.1 m2 per prisoner (Table 1).
PTL, the most recently built prison, had several differences in
the design in comparison with EPC and UPRB: lower mean
cell occupancy (5.8 versus 13.2 and 11.7 inmates per cell);
larger mean floor area per inmate (2.5 m2 versus 1.0 and
1.6 m2); and more cells per courtyard (19.4 versus 3.8 and 4.6).
Mean area of open windows and doors in EPC and UPRB
was 4.3 and 5.1 m2, respectively, with all cells designed for
single-sided ventilation. By contrast, PTL had a smaller
mean opening area (2.8 m2), and 94.1% of cells had a stack
ventilation design, wherein an upper room window is used to
ventilate air that is driven upward by thermal buoyancy. PTL
also had a longer average lockdown time (20.0 hours versus
16.8 and 14.7 hours).
With existing architectural features, mean absolute ventila-

tion ranged from 119.1 to 202.3 L/s (P = 0.008). EPC, PTL,
and UPRB had mean per person ventilation rates of 9.5 L/s/
person (95% confidence interval [CI]: 8.3–10.8), 23.9 L/s/person
(95% CI: 21.1–26.7), and 16.4 L/s/person (95% CI: 11.9–20.8),
respectively (P < 0.001), for a combined mean of 19.4L/s/
person (95% CI: 17.3–21.5) (Figure 1A). The overlay of per
person ventilation on UPRB’s architectural floor plan illus-
trates the heterogeneity in ventilation (Figure 1B). Half
(49.6%) of cells had less than 12 ACH and 97.9% had less
than 60 L/s/person.
In multivariable analysis, absolute ventilation was posi-

tively associated with floor area, ceiling height, opening area,
opening to floor area ratio, opening to volume ratio, and
area of courtyard space (Table 2). Number of cells per court-
yard was negatively associated with absolute ventilation.

FIGURE 1. Ventilation (L/s/person) (colored dots) and mean value
(dark solid line) in general population cells of three prisons, Mato
Grosso do Sul, Brazil, 2013. The horizontal dashed line indicates the
World Health Organization (WHO)-recommended 60 L/s/person for
naturally ventilated, general wards (A). Overall floor plan of UPRB
illustrating the distribution of ventilation (colored dots) in proportion
to the number of inmates (B). Photograph of typical courtyard in
Unidade Penal Ricardo Brandão (UPRB) (C).
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Estimated risk of TB transmission. The mean estimated
risk of TB transmission after exposure for 180 days to an
infectious cellmate under the existing conditions was 78.9%
(95% CI: 69.7–88.1) for EPC, 81.1% (95% CI: 75.2–87.1) for
PTL, and 65.6% (95% CI: 54.6–76.5) for UPRB, (P < 0.001)
(Figure 2). There was marked variability of risk between cells,
from 14.2% to 99.9%, reflecting variability in ventilation.
Improved case finding resulted in an 8.3% reduction to

transmission probabilities for existing scenarios (Figure 3A).
When cells were modeled as having minimum ventilation
rates of 12 ACH, mean transmission probability slightly
improved (6.8% reduction). By combining intervention strate-
gies, decreasing time-to-diagnosis and improving minimum ven-
tilation to 12 ACH, existing transmission probabilities were
reduced by 16.2%.
Compared with the limited reductions achieved with

improved case finding and meeting minimum ACH, large
reductions in TB transmission were observed when ventilation
was improved to meet WHO recommendations for health-
care settings (Figure 3B). Improving minimal ventilation to
60 L/s/person reduced TB transmission risk by 38.2%,
whereas implementing an optimal cross-ventilation design
reduced TB transmission risk by 64.4%.

DISCUSSION

The state of TB transmission in prisons remains a public
health crisis throughout much of the world. The majority
of the programmatic work and research aimed at address-
ing this burden have focused on early diagnosis, but the
fundamental structural drivers of transmission have received
less attention. We performed detailed architectural evalua-
tion and estimation of ventilation in three prisons in Brazil,
and used this data to project transmission risks over time,
and to model the impact of diagnostics and improved ven-
tilation as epidemiological interventions. We found that
transmission in crowded cells with limited ventilation occurs
quickly. As a result, enhanced diagnostics used among symp-
tomatic patients (e.g., passive diagnosis) may have a limited
impact on transmission. However, based on the findings
of our models, improving ventilation substantially reduces
the daily transmission risk, providing a longer window for
diagnosis to avert infections. These findings highlight the
need to address the underlying environment to control TB
in prisons.
This work builds on the classical studies of Wells and

Riley8,30 and more recent studies evaluating the relationship
between ventilation, infectiousness, and transmission,12,24,25

and applies these findings to a nonhospital setting. A previous

TABLE 2
Hierarchical linear model of factors associated with absolute ventila-

tion (log10 L/s)
Characteristic Coefficient (95% CI) P value

Floor area (m2) 0.045 (0.01, 0.08) 0.005
Ceiling height (m) 0.700 (0.08, 1.32) 0.028
Opening area (m2) 0.082 (0.01, 0.15) 0.025
Opening area to floor area ratio 11.955 (5.80, 18.11) < 0.001
Opening to volume ratio 30.491 (13.65, 47.33) < 0.001
Cells per courtyard −0.016 (−0.03, 0.01) 0.023
Courtyard area (m2) 0.002 (0.001, 0.003) < 0.001

CI = confidence interval.

FIGURE 2. Projected probability of tuberculosis (TB) infection
over time for each inhabitant of a prison cell in which one infectious
case is present, in Estabelecimento Penal de Corumbá (EPC) (A),
Penitenciária de Três Lagoas (PTL) (B), and Unidade Penal Ricardo
Brandão (UPRB) (C), Mato Grosso do Sul, Brazil, 2013. The grey
lines indicate TB transmission probability for individual prison cells.
The dark red lines indicate the mean TB transmission probability for
each prison.
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model in a South African prison projected even higher rates
of TB transmission, but did not use empirical data on ven-
tilation.25 We performed detailed measurements of archi-
tectural layout, cell inhabitance, wind speed, and CO2 to
characterize ventilation in 141 cells. We found substantial
heterogeneity in ventilation between cells, identified archi-
tectural characteristics that facilitated ventilation, and then
used these data to project the impact of optimizing ventila-
tion on reducing TB transmission.
In high-transmission environments, the window for averting

secondary infections through early diagnosis may be small.
We projected that over three quarters of cellmates of an
infectious case would be infected within 6 months, which is
the average duration of infectiousness estimated based on

comparison of prevalence and notification data from these
prisons. This finding is consistent with, if not higher than
estimates of secondary infections from household contact
investigation studies.31 However, because the majority of
transmission occurs outside households in high-burden set-
tings,32,33 “saturation” of local susceptible contacts does not
limit diagnostic impact as greatly.
The situation in prisons differs considerably from that

observed in household settings in that inmates are typically
in their cells in close contact for 16–20 hours per day. Previ-
ous models evaluating the impact of early diagnostics in
prisons have assumed homogenous mixing and neglected sat-
uration dynamics, which overestimates the impact of diag-
nostics.6 We found that enhanced diagnostics targeted at
symptomatic patients have a limited impact on TB transmis-
sion; however, improving ventilation would slow the second-
ary infection rate, providing a greater window for diagnosing
a case before the majority of cellmates are infected.
In the absence of standards pertaining to prison design

and minimum ventilation, we demonstrated the potential
impact of applying WHO standards for naturally ventilated
health-care settings (which only 3 of 141 cells met). Given
that the prevalence of TB in many prisons approaches that
of hospitals, we believe that it would be reasonable to use
ventilation guidelines for health-care settings as a starting
point in developing guidelines for prisons. In this context,
improving ventilation to the WHO-recommended threshold
of 12 ACH (for mechanically ventilated isolation rooms)
does not confer a large benefit.14 Despite its lack of applicabil-
ity, the literature has interpreted this guideline as the target
metric for TB control in congregate settings.25,34

In contrast, standards for natural, per-person ventilation
rates are far more appropriate for quantifying transmission
reduction in prison settings. The WHO recommends a mini-
mum ventilation rate of 60 L/s/person for general wards and
outpatient departments and even higher ventilation rates
(160 L/s/person) for airborne precaution rooms.15 We found
that transmission risk greatly improved when ventilation was
increased to 60 L/s/person. Improvements to natural ventila-
tion systems are often low cost, compared with mechanical
ventilation, and may thereby be more feasible in resource-
limited settings.15,35 However, natural ventilation is highly
variable12,36 and consequently requires specific planning to
achieve desired airflow patterns.
Present multivariable analyses demonstrate that spacious

floor areas, high ceilings, and generous opening area were
associated with higher absolute ventilation, albeit insufficient
to achieve WHO-recommended values. Though these find-
ings are intuitive, the models also suggest the important asso-
ciation of decreased number of cells per courtyard and larger
floor area of courtyards with absolute ventilation, which are
unique to prison settings; factors that should be considered
for new constructions or renovations.
One of the main obstacles identified was the absence of

cross-ventilation. Cross-ventilation, two adjacent openings
through which ventilation can pass through unobstructed, is
considered to be more effective than single-sided ventilation
for airborne infection control.15 Here, security and public
health concerns may be at odds with one another. These
issues will need to be weighed in the design of new prisons
in low- and middle-income countries, where mechanical ven-
tilation is not commonly available.

FIGURE 3. The effects of improving cell ventilation and time-to-
diagnosis on tuberculosis (TB) transmission probabilities by the time of
infectiousness up to 180 days. Two values of ventilation scenarios are
shown (A): the current estimated mean absolute ventilation (m3/hour)
and the mean of improving ventilation in all cells to ≥12 air changes
per hour (ACH) as recommended for airborne infection isolation
rooms (AIIR). The vertical dashed line represents a 25% reduction in
time to diagnosis. Three values of ventilation scenarios are shown
(B): the current estimated mean absolute ventilation (m3/hour);
improved ventilation rate in all cells to 60 L/s/person; and improved
ventilation rate in all cells to reflect ACH under a cross-ventilation
design for naturally ventilated settings.
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Crowding remains a critical problem in prisons throughout
the world, as was the case in the prisons surveyed in this
study. The mean of 2.1 m2 per inmate was less than half of
the minimum standard recommended by the American Public
Health Association (60 ft2, or 5.6 m2). Other prisons in Mato
Grosso do Sul have up to 35–40 inmates per cell and are
operating at 500% capacity. Addressing overcrowding is an
urgent problem on both human rights and public health
grounds. However, de-crowding prisons alone is not enough
to lower transmission risks. The most recently constructed
prison, PTL, was significantly less crowded than EPC and
UPRB, yet was no better ventilated and thus TB transmis-
sion risk remains great.
The conclusions of this study should be interpreted within

the context of the quality of the data used. We collected
observations of steady-state exhaled CO2 to estimate ven-
tilation, rather than the more commonly used tracer gas
approach, owing to security concerns in the prisons. Although
this approach is well described in the literature, it may be
less precise owing to interindividual variability in CO2 pro-
duction. The measurement of CO2 after at least 14 hours
of overnight confinement ensured that ventilation estimates
reflected well-mixed, equilibrium conditions. Only one mea-
sure of CO2, under varying climatological conditions, was
recorded per cell; therefore, we cannot assess variability that
would be expected in naturally ventilated settings, nor accu-
rately compare cells within or across prisons. Nevertheless,
ventilation rates were low across all three prisons and across
multiple days of measurements.
The use of model-based projections for TB transmission

risk has several limitations. We used the conservative litera-
ture estimate for the quantum generation rate and based our
projections on an “average” individual with this level of
infectiousness. It is likely that there is considerable inter-
individual and intraindividual variability in infectiousness,37

which are not captured in these projections. We assumed
that transmission risk was restricted to events occurring
within cells based on the observation that nearly all congre-
gation outside of cells occurs in outdoor courtyards, where
transmission is unlikely to occur. We calculated transmission
risk for prisoners who shared a cell with an infectious case
throughout the period that the case was infectious, prior to
diagnosis. In reality, prisoners may be relocated between
cells, creating further opportunities for transmission by rene-
wing the susceptible pool of contacts.
Another limitation of the study is that it was conducted in

three prisons in central west Brazil, which may or may not
be generalizable to prisons in other settings. However, the
architectural styles of these prisons reflect different eras of
construction and are common to other states. Furthermore,
crowding and poor ventilation are thought to be typical in
prisons worldwide.25

The present state of TB in the world’s prisons represents a
social justice crisis and a threat to broader disease control,
yet to date we have had few successful examples of programs
that mitigate this epidemic. Given the poor structural envi-
ronment of prisons, our findings indicate that interventions
targeted after individuals develop symptoms may be too late
to control spread. Reducing the burden of TB from the
present incidence of over 1,500 per 100,000 will require
1) decreasing the contact rate in prison, by addressing
overcrowding; 2) reducing the rate of infection, by improving

cell ventilation; and 3) early diagnosis and treatment of infec-
tious cases, either through active detection (e.g., annual mass
screening) or enhanced passive surveillance (e.g., rapid diag-
nostics, symptom screening). These epidemiological interven-
tions may be synergistic, as improved ventilation widens the
window for diagnosis. Further empirical studies are urgently
needed to validate these findings and provide an additional
evidence base for development of policies and interventions
to address the burden of TB in the world’s prisons.
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