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ABSTRACT
Objectives  We aim to estimate the impact of various 
mitigation strategies on COVID-19 transmission in a US jail 
beyond those offered in national guidelines.
Design  We developed a stochastic dynamic transmission 
model of COVID-19.
Setting  One anonymous large urban US jail.
Participants  Several thousand staff and incarcerated 
individuals.
Interventions  There were four intervention phases during 
the outbreak: the start of the outbreak, depopulation of 
the jail, increased proportion of people in single cells 
and asymptomatic testing. These interventions were 
implemented incrementally and in concert with one 
another.
Primary and secondary outcome measures  The basic 
reproduction ratio, R0, in each phase, as estimated using 
the next generation method. The fraction of new cases, 
hospitalisations and deaths averted by these interventions 
(along with the standard measures of sanitisation, masking 
and social distancing interventions).
Results  For the first outbreak phase, the estimated R0 
was 8.44 (95% credible interval (CrI): 5.00 to 13.10), 
and for the subsequent phases, R0,phase 2=3.64 (95% CrI: 
2.43 to 5.11), R0,phase 3=1.72 (95% CrI: 1.40 to 2.12) and 
R0,phase 4=0.58 (95% CrI: 0.43 to 0.75). In total, the jail’s 
interventions prevented approximately 83% of projected 
cases, hospitalisations and deaths over 83 days.
Conclusions  Depopulation, single celling and 
asymptomatic testing within jails can be effective 
strategies to mitigate COVID-19 transmission in addition 
to standard public health measures. Decision makers 
should prioritise reductions in the jail population, single 
celling and testing asymptomatic populations as additional 
measures to manage COVID-19 within correctional 
settings.

INTRODUCTION
COVID-19, the disease caused by the 
SARS-CoV-2 virus, has affected millions of 
people worldwide, with disproportionate 
impact on some communities including 
those inside correctional facilities. In the 
USA, approximately 2.2 million people are 
incarcerated in any given day in over 5000 
facilities,1 where the built environment 
and activities of daily living make physical 

distancing exceedingly difficult to imple-
ment.2–4 As of the third week of April 2020, 
420 US correctional facilities had at least one 
diagnosed case of COVID-19, accounting 
for a total of 4893 cases among incarcer-
ated individuals and 2778 cases among staff 
members.3 As of June, correctional facili-
ties accounted for 8 out of 10 of the largest 
COVID-19 outbreaks nationally, surpassing 
nursing homes and food processing plants, 
and 26 states had a higher rate of COVID-19 
infection in their correctional population 
than in their general population.5 6 In spring 
2020, Cook County Jail had one of the largest 
outbreaks in the country, and the infection 
rate at Rikers Island was nearly five times that 
of New York City.7 8

Despite the severity of outbreaks in 
correctional facilities, national guidance 
surrounding the prevention and manage-
ment of COVID-19 within such settings has 
been limited. In the weeks after the first 

Strengths and limitations of this study

►► COVID-19 has entered hundreds of correctional fa-
cilities in the USA, yet few empirical studies have 
focused on COVID-19 transmission in correctional 
facilities.

►► We developed a stochastic dynamic transmission 
model describing the spread of COVID-19 in a large 
urban jail in the USA and calibrated the model to 
a moving average of the daily incident cases of 
COVID-19 reported by the jail.

►► We identified three major interventions—depopula-
tion, single celling and asymptomatic testing—un-
dertaken by the jail and quantified the reduction in 
transmission rate as a result of these interventions.

►► We report the estimated reduction in predicted cas-
es, hospitalisations and deaths as a result of the jail 
interventions among both incarcerated people and 
correctional staff.

►► The model assumes homogeneous mixing and does 
not capture transmission to and from the surround-
ing community.

 on M
arch 12, 2022 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2020-042898 on 17 F

ebruary 2021. D
ow

nloaded from
 

http://bmjopen.bmj.com/
http://orcid.org/0000-0002-0806-5525
http://crossmark.crossref.org/dialog/?doi=10.1136/bmjopen-2020-042898&domain=pdf&date_stamp=2021-02-17
http://bmjopen.bmj.com/


2 Malloy GSP, et al. BMJ Open 2021;11:e042898. doi:10.1136/bmjopen-2020-042898

Open access�

major outbreak in a US jail, the US Centers for Disease 
Control and Prevention (CDC) published policy guide-
lines for correctional facilities to help mitigate COVID-19 
transmission; these included limiting transfer of incarcer-
ated people between facilities, restricting the number of 
visitors entering facilities, promoting personal hygiene 
and environmental sanitisation, maximising the space 
between those incarcerated (ie, arranging bunks so 
individuals sleep head to toe) and screening staff for 
symptoms.9

However, CDC guidelines then and still now do not 
account for the difficulty that many facilities face in 
managing COVID-19. Even among those facilities which 
are not crowded, physical distancing is challenging given 
use of congregate living arrangements, shared meals, and 
exercise and recreation programming. In the absence 
of more targeted guidelines, there is wide variance in 
how correctional facilities are managing COVID-19, 
especially regarding depopulation efforts that may miti-
gate COVID-19 and approaches to testing (symptomatic 
only vs asymptomatic, viral testing vs antibody testing). 
As an example, Attorney General Barr has ordered that 
medically frail individuals in federal prisons be released 
to home quarantine, whereas many US state prison 
systems have no stated policies for larger scale release. 
Some correctional systems have implemented a one-
time system-wide testing of all incarcerated individuals, 
including those who are asymptomatic, while others are 
only testing those who are symptomatic.

The effectiveness of various mitigation measures, many 
of which fall outside of CDC guidance, in reducing the 
transmission of COVID-19 within correctional facilities 
has yet to be established. In this study, we estimate the 
effectiveness of measures beyond standard CDC recom-
mendations to mitigate the spread of COVID-19 in a large 
urban jail. With the aim of providing guidance to correc-
tional policymakers and public health agencies, we focus 
on policies that could have large impact and are highly 
variable in implementation, namely depopulation (cessa-
tion of new detentions and release of incarcerated indi-
viduals), single celling (increasing the percentage of the 
total incarcerated population in a single cell) and testing 
asymptomatic individuals.

METHODS
We developed a stochastic dynamic transmission model of 
COVID-19 which we calibrated to the outbreak in the jail. 
We combined data on cases among incarcerated people 
and correctional staff because they interact very closely 
and regularly as an ecosystem behind the walls of the 
jail. Cases were confirmed using SARS-CoV-2 nasal swab 
PCR tests. We divided the outbreak timeline into four 
intervention phases marked by the start of the outbreak, 
start of depopulation efforts, increased single celling 
and large-scale asymptomatic testing of incarcerated 
individuals. We estimated the initial basic reproduction 
ratio, R0, and the effective reproduction ratio, Rt, in each 

phase, for the entire jail. We also estimated the fraction 
of new cases, hospitalisations and deaths averted by the 
combined interventions in addition to the standard CDC 
recommended guidance.

Model description
We modified a traditional SEIR model to represent the 
disease states of COVID-19. These disease states included 
susceptible (S), exposed (E), infected symptomatic (Isym), 
infected asymptomatic (Iasym), infected asymptomatic 
undetected (Iasym,undetected), quarantined symptomatic (Q), 
quarantined asymptomatic (Qasym), hospitalised (H) and 
recovered (Rec) individuals (figure 1). Individuals in the 
infected states (Isym, Iasym, Iasym,undetected) are assumed to be 
infectious, whereas individuals in the exposed state (E) 
are not yet infectious. Some correctional systems distin-
guish between quarantining exposed groups together 
and isolating confirmed cases. In this model, the quaran-
tined state includes both.

To model these interacting populations, we developed 
a mass-action mixing model described by the following 
equations:

	﻿‍
dS
dt = bS − βS

N

(
Isym + Iasym + Iasym,undetected

)
‍� (1)

	﻿‍
dE
dt = bE + βS

N

(
Isym + Iasym + Iasym,undetected

)
− εE‍� (2)

	﻿‍
dIsym

dt =
(
1 − α

)
εE − Isym‍� (3)

	﻿‍
dIasym

dt = bIasym + αεE − Iasym‍� (4)

	﻿‍
dIasym,undetect

dt = bIasym,undetect +
(

1 − pdetected
)

Iasym − γIasym,undetect‍� (5)

	﻿‍
dQ
dt = Isym −

(
1 − η

)
γQ − η

(
1
γ − 1

µ

)−1
Q ‍� (6)

	﻿‍
dQasym

dt = pdetectedIasym − γQasym‍� (7)

	﻿‍
dH
dt = η

(
1
γ
− 1

µ

)−1
Q − µH‍� (8)

	﻿‍ dRec
dt =

(
1 − dI

) (
1 − η

)
γQ +

(
1 − dI

)
µH + γIasym,undetect + γQasym‍� (9)

	﻿‍
dDead

dt = dI

(
1 − η

)
γQ + dIµH‍� (10)

	﻿‍ N = S + E + Isym + Iasym + Iasym,undetect + Q + Qasym + H + Rec‍� (11)

The susceptible, exposed and asymptomatic infected 
populations grew at rate b which represented the overall 
growth or reduction in jail population. We assume that 

Figure 1  Structure of the disease transmission model. 
The disease states included susceptible (S), exposed (E), 
infected symptomatic (Isym), infected asymptomatic (Iasym), 
infected asymptomatic undetected (Iasym,undetected), quarantined 
(Q), quarantined asymptomatic (Qasym), hospitalised (H) and 
recovered (Rec) individuals. Detection and subsequent 
quarantine of asymptomatic individuals are only considered 
after the start of asymptomatic testing in phase 4.
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symptomatic infected individuals are not removed from 
the jail during general depopulation and would be 
admitted directly to quarantine. For the time horizon 
of the model, the population was generally shrinking. 
Susceptible individuals were exposed to COVID-19 at 
transmission rate β. We recalibrated this transmission 
rate for each of the four outbreak phases. We assumed 
that asymptomatic and symptomatic infected individuals 
could transmit the disease.10 11 Exposed individuals were 
not yet infectious and become asymptomatic or sympto-
matic infected at rate ε, which corresponded to the incu-
bation period of COVID-19. A certain proportion, α, of 
these individuals stayed asymptomatic, while remaining 
individuals became symptomatic. Based on the jail’s 
report, we assumed that symptomatic infected individuals 
and a fraction, pdetected, of asymptomatic infected individ-
uals were identified 1 day after symptoms presented and 
placed in quarantine after identification. We assumed that 
individuals once quarantined did not transmit COVID-19, 
as they were isolated from the susceptible population. A 
fraction, η, of quarantined individuals were hospitalised 
and recovered from hospitalisation at rate μ. All infected 
individuals recovered or died at rate γ regardless of symp-
tomatic or asymptomatic status. Symptomatic infected 
individuals died with probability dI.

Interventions
The jail implemented various measures over time to miti-
gate the spread of COVID-19. We divide the outbreak into 
four intervention phases, corresponding to the initiation 
of key measures of interest which fell outside the guid-
ance of the CDC. The interventions were implemented 
incrementally and in an additive manner, with depopu-
lation first added, then single celling added, then asymp-
tomatic testing added. The days when these interventions 
were added are shown in figure 2.

During phase 1 (days 1–11), the jail implemented a 
broad array of strategies that were consistent with CDC 
guidance including: basic screening for influenza-like 
symptoms in incarcerated people; new detainees quaran-
tined for at least 7 days; basic screening for influenza-like 
symptoms for visitors, vendors, attorneys and community 
members entering the facility; staff required to report 
symptoms, as well as contact with known COVID-19 posi-
tive cases and any travel outside of the USA; suspension of 
all tours, large gatherings and in-person visitation. Sani-
tation techniques continued to follow CDC guidance for 
the duration of the outbreak and no significant new tech-
niques were introduced during any other phases. A total 
of 23 SARS-CoV-2 tests were performed in this phase; 19 
were positive (positivity rate 82.6%).

During phase 2 (days 12–17), the jail population started 
to decrease by 1.41% each day through a combination 
of measures which included a marked decrease in new 
detentions given changes in court and judicial system 
procedures and large community organised bail outs 
(figure 2). The jail also began taking the temperature of all 
employees each day. Lastly, they started on-site voluntary 

testing for employees and a 2-week COVID-19 paid leave 
policy for all employees. A total of 149 SARS-CoV-2 tests 
were performed in this phase; 139 were positive (posi-
tivity rate 93.2%).

During phase 3 (days 18–36), the jail began increasing 
the proportion of the population in single-occupancy 
cells from 26% on day 18 to 54% on day 36. During this 
period, they began requiring all staff to wear surgical 
masks and allotted new masks to those incarcerated 
each day. They also continued to isolate confirmed and 
suspected COVID-19 cases among incarcerated individ-
uals. At this time, given the growing number of individ-
uals, they identified a different building for segregating 
patients which provided a larger space for confirmed 
cases. A total of 455 SARS-CoV-2 tests were performed in 
this phase; 253 were positive (positivity rate 55.6%).

During phase 4 (days 37–83), the jail began testing 
for asymptomatic cases at a rate of approximately 
50–75 people per day in divisions with high numbers of 
cases identified during contact tracing. A total of 2741 
SARS-CoV-2 tests were performed in this phase; 523 were 
positive (positivity rate 19.5%).

Model instantiation and calibration
We estimated some model parameter values from previous 
literature (table 1). The rate at which exposed individuals 
became asymptomatically or symptomatically infected, 
ε, was the inverse of the incubation period. The incuba-
tion period of COVID-19 was previously described with a 

Figure 2  Change in the total population of the jail and the 
portion of the population in single-occupancy cells over 
the course of the outbreak. As depopulation increases, the 
overall population as a proportion of the population on day 
1 of the outbreak decreases. Additionally, the proportion of 
incarcerated people in single-occupancy cells increases over 
time. We denote the timing of each intervention phase on 
the graph. Phase 1: initial outbreak, phase 2: depopulation 
began, phase 3: increased single celling, phase 4: 
widespread testing of asymptomatic incarcerated individuals.
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lognormal distribution with mean 5.1 days and SD 0.89 
days.12 We assumed that the proportion of infections that 
are asymptomatic, α, was uniformly distributed over the 
range 0.25–0.56.13 14 The average recovery rate was previ-
ously estimated to be 0.1, the inverse of the 10-day mean 
infection period.15 We assumed that the infection period 
followed a truncated normal distribution with mean 10 
days, SD 6.25 days, minimum 5 days and maximum 20 
days. Additionally, the average length of hospitalisation 
from COVID-19 has been estimated to be 5 days, making 
the daily recovery probability from the hospital 0.2.16 
We assumed that the length of hospitalisation followed 
a lognormal distribution with a mean of 5 days and SD 
of 1 day.

The jail provided demographic data about the size of 
the incarcerated population per day, as well as epide-
miological data about confirmed COVID-19 cases over 
the course of 83 days. We assumed an average reporting 
delay of 6 days from first exposure to reported incident 
cases. This accounts for the mean incubation period 
and a minor delay between symptom onset and isola-
tion. The jail provided data on the age of the infected 
person, date of positive COVID-19 test, the work or incar-
ceration location of the infected individual, and whether 
the individual was hospitalised or died as a result of the 
COVID-19 infection. Testing was performed on admis-
sion to the jail and through symptom onset or contact 
tracing. We used these data to calculate the proportion 
of symptomatic infections that were hospitalised or died. 
For each intervention phase, we used the epidemiological 

data to determine the growth rate, b, as the average rate 
of growth for the entire facility.

We calibrated the transmission rate, β, for each inter-
vention phase. We first pseudo-randomly selected values 
for parameters ε, α, γ and μ based on our assumed distri-
butions (table 1). Then, we calculated b for the interven-
tion phase. To find the best-fitting value of β for the given 
parameter set, we implemented an exhaustive search over 
the range (0–4) in increments of 0.01. We chose the value 
of β which minimised the sum of mean squared error 
between the reported daily incident cases of confirmed 
COVID-19 cases among incarcerated people and staff in 
the jail to the daily incident cases of symptomatic infected 
cases in the model for that phase. We calculated inci-
dent symptomatic cases using the raw reported incident 
cases before asymptomatic testing. Select asymptomatic 
testing for incarcerated people began on day 31 and for 
staff began on site on day 21. After asymptomatic testing 
began, we took the minimum of the jail-provided data 
on the number of symptomatic tests multiplied by the 
average percentage of positive results of symptomatic 
tests between days 16–30 (89%) and the raw reported 
incident cases. Based on this estimate, on average, 82% of 
the reported daily incident cases among the incarcerated 
population was symptomatic after asymptomatic testing 
began. Because we did not have testing data for staff, we 
assumed that 82% of reported new staff cases were symp-
tomatic after on-site testing became available for staff.

We used a simple moving average of the previous 5 days 
of symptomatic incident cases to smooth the calibration 

Table 1  Base case parameter estimates

Name Description Value Source

b Net rate of entrance into the jail, phase 1 (1/day) −0.004 Jail 
datasetNet rate of entrance into the jail, phase 2 (1/day) −0.0141

Net rate of entrance into the jail, phase 3 (1/day) −0.0076

Net rate of entrance into the jail, phase 4 (1/day) 0.0005

β Transmission rate (1/day) Calibrated

ε Incubation period−1 (1/day) 0.18
Incubation period: lognormal (5.1, 
0.89

12

α Proportion of cases that are asymptomatic 0.405
uniform (0.25–0.56)

13 14

γ Recovery rate (1/day) 0.1
Infection period:
truncated N (10, 6.25, min=5, 
max=20)

15 16

η Proportion of symptomatic infections that are hospitalised 0.14 Jail 
dataset

μ Recovery rate from hospital (1/day) 0.2
Length of hospitalisation: lognormal 
(5, 1)

16

dI Probability of death due to symptomatic COVID-19 infection 0.01 Jail 
dataset
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targets. We assumed that the reported incident cases 
corresponded to the number of incarcerated individuals 
and staff members who showed symptoms of COVID-19. 
For each intervention phase, we ran 1000 Monte Carlo 
simulations and defined the 95% credible interval (CrI) 
of β as the range in which 95% of calibrated values of β 
fell.

Calculation of R0 and Rt
To calculate R0 and Rt, we used the next generation 
method.17 This method uses two matrices of partial 
derivatives of compartments with infected individuals.18 
In our model, this included exposed, asymptomatic 
infected, symptomatic infected, quarantined and hospi-
talised individuals. The first matrix, F, is the rate of 
appearance of new infections for each compartment. 
Each element, fij, of F is the partial derivative of any term 
in which new infections appear in compartment i with 
respect to compartment j where i, j ∈ [E, Isym, Iasym,undetected, 
Q, Qasym, H] .

	﻿‍

F=

E

Isym

Iasym

Iasym,undetected

Q

Qasym

H




0 βS
N

βS
N

βS
N 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0



‍�

(12)

The second matrix, V, is the rate of transfer of indi-
viduals out of a compartment minus the rate of transfer 
of individuals into a compartment. Therefore, each 
element, vij, of V is the partial derivative of the additive 
inverse of any term other than the appearance of new 
infections in compartment i with respect to compartment 
j. The matrix V and its inverse are as follows:

	﻿‍

V=

E

Isym

Iasym

Iasym,undetected

Q

Qasym

H




ε − b 0 0 0 0 0 0

−
(

1 − α
)
ε 1 0 0 0 0 0

−αε 0 1 − b 0 0 0 0

0 0 −
(

1 − pdetected
)

γ − b 0 0 0

0 −1 0 0
(

1 − η
)
γ + η

(
1
γ

− 1
µ

)−1
0 0

0 0 −pdetected 0 0 γ 0

0 0 0 0 −η
(

1
γ

− 1
µ

)−1
0 µ


‍�

(13)
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V−1 =

E

Isym

Iasym

Iasym,undetected

Q
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H


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(
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(
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) 0 0

αpdetected ε(
b−ε

)(
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)
γ

0 pdetected
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(
α−1

)
ηε(

b−ε
)(
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(
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)
+µ

) η
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(
η−1

)
+µ

0 0 η
γ
(
η−1

)
+µ

0 µ−1


‍

� (14)

The next generation method calculates R0 as the domi-
nant eigenvalue of the next generation matrix. The next 
generation matrix is defined as FV−1:

	﻿‍

FV−1 =


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)

N
(

b−ε
)(

b−1
)(

b−γ
) βS

N
βS

(
γ−b−pdetected +1

)
N
(

b−1
)(

b−γ
) βS

N
(
γ−b

) 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0



‍

� (15)

In our model, FV−1 has only one non-zero eigenvalue, 

‍λ =
βSε

(
αb2−αbγ+αpdetected−α−b2+bγ+b−γ

)

N
(

b−ε
)(

b−1
)(

b−γ
)

‍. Therefore, R0=max (0, 
λ), and since λ≥0, R0=λ. Since R0 is directly proportional to 
β, we can calculate the values of R0 of other phases simply 
by using phase 1 starting conditions combined with the 
reduced transmission rate.

To find the effective reproduction ratio, Rt, at time t, we 
used the next generation method with the same matrices 
but updated the values of S and β as appropriate. Because 
the number of susceptible individuals, S, is a function of 
time, we recalculate Rt each day. The functional form of 
Rt for our model is as follows:

	﻿‍ Rt =
βStε

(
αb2−αbγ+αpdetected−α−b2+bγ+b−γ

)

N
(

b−ε
)(

b−1
)(

b−γ
) ‍� (16)

We computed the 95% CrI of Rt as the range in which 
95% of calibrated values of Rt fell.

Sensitivity analysis
We assumed that the average length of time in the exposed 
state (ie, the incubation period) was 5.1 days based on a 
study of 181 cases in Wuhan, China.12 Two recent studies 
estimated that 44%–48% of transmission can come from 
presymptomatic individuals, suggesting that the mean 
length of time in the exposed state could be shorter than 
we assumed.19 20 Given this recent evidence, we performed 
sensitivity analysis where we reduced the mean length of 
time in the exposed state by 2.1 days, and correspond-
ingly increased the mean length of time in the infectious 
state by 2.1 days. The mean value of ε was updated accord-
ingly to ‍

1
3‍. The model otherwise remained unchanged.

Role of the funding source
The funding sources had no role in the study design, 
collection, analysis and interpretation of data, writing 
the report nor the decision to submit the paper for 
publication.

Patient and public involvement
No patients were involved.

RESULTS
The number of daily reported incident cases of COVID-19 
in the jail was highly variable, ranging from 0 to 67. The 
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mean absolute error of the model values compared with 
the simple moving average was 29% (figure 3).

Transmission rates
When following the initial CDC recommendations for 
correctional facilities (phase 1), the baseline transmis-
sion rate (β) was 1.79 (95% CrI: 1.35 to 2.22) (figure 4). 
After depopulation began (phase 2), the transmission 
rate was β=0.78 (95% CrI: 0.61 to 0.97). This represents 
a 56% decrease in the transmission rate from phase 1. 
After the increase in single-occupancy cells (phase 3), the 
transmission rate was β=0.38 (95% CrI: 0.28 to 0.52), a 

51% decrease from phase 2. Finally, the transmission rate 
after testing of asymptomatic individuals began (phase 4) 
was β=0.13 (95% CrI: 0.07 to 0.24), a 66% decrease from 
phase 3. All of these reductions are statistically significant.

Reproduction ratios
The estimated value of R0 was highest in phase 1, during 
the first 11 days of the outbreak (table 2). For this phase, 
we estimate R0=8.44 (95% CrI: 5.00 to 13.10) (table 2). 
We estimate R0 of each phase in a completely susceptible 
population as if the outbreak had begun with the values 
of β which correspond to each phase: R0,phase 2=3.64 (95% 
CrI: 2.43 to 5.11), R0,phase 3=1.72 (95% CrI: 1.40 to 2.12) 
and R0,phase 4=0.58 (95% CrI: 0.43 to 0.75). Figure 5 shows 
the effective reproduction ratio, Rt, over time for all inter-
vention phases. Rt decreased as the susceptible popula-
tion shrank, the transmission rate changed and different 
interventions were implemented. For the entire jail, we 
estimate that the interventions may have reduced the 
effective reproduction ratio Rt below 1 about 5 weeks after 
the outbreak began (on day 37).

Averted infections, hospitalisations and deaths
Table  2 shows the expected total symptomatic cases on 
day 83 and expected total cases on day 200, assuming that 
the estimated transmission rate for a particular outbreak 
phase holds over all subsequent days. Over the first 83 
days of the outbreak, the jail reported 778 symptomatic 
cases, 67 hospitalisations and 10 deaths among incarcer-
ated individuals and staff. Our model predicts 635 symp-
tomatic cases (95% CrI: 506 to 821), 89 hospitalisations 
(95% CrI: 71 to 115) and 6 deaths (95% CrI: 5.8 to 6.7) 
over this same time period (figure 6). Our estimate is 18% 
less than the number of reported cases that were symp-
tomatic. Compared with what could have happened with 
only the implemented CDC-recommended interventions 
of phase 1, the model predicts a reduction of approxi-
mately 3100 symptomatic cases, 435 hospitalisations and 
30 deaths over 83 days. This suggests that the combina-
tion of interventions (depopulation, increased single 
celling and large-scale asymptomatic testing of incarcer-
ated individuals) in addition to standard CDC COVID-19 
mitigation strategies led to an 83% reduction in predicted 
symptomatic cases, hospitalisations and deaths.

Sensitivity analysis
In sensitivity analysis, when we assumed an incubation 
period that was 2.1 days shorter, the calibrated baseline 
transmission rate was β=1.31 (95% CrI: 1.00 to 1.71). After 
depopulation began (phase 2), the transmission rate was 
β=0.64 (95% CrI: 0.41 to 0.83). This represents a 51% 
decrease in the transmission rate from phase 1 (compared 
with a 56% decrease in the base case results). After the 
increase in single-occupancy cells (phase 3), the trans-
mission rate was β=0.36 (95% CrI: 0.25 to 0.49), a 44% 
decrease from phase 2 (compared with a 51% decrease 
in the base case results). Finally, the transmission rate 
after testing of asymptomatic individuals began (phase 

Figure 3  Comparison of the daily number of incident 
symptomatic cases in the model with reported new 
symptomatic COVID-19 cases at the jail. Shaded grey area 
represents 95% credible interval of model runs. We denote 
the timing of each intervention phase on the graph. Phase 
1: initial outbreak, phase 2: depopulation began, phase 3: 
increased single celling, phase 4: widespread testing of 
asymptomatic incarcerated individuals.

Figure 4  Calibrated values of the transmission rate β for 
different outbreak phases (phase 1: initial outbreak, phase 
2: depopulation began, phase 3: increased single celling, 
phase 4: widespread testing of asymptomatic incarcerated 
individuals). CDC guidelines were implemented during all 
four phases. Boxes denote 25th percentile, median and 75th 
percentile. CDC, Centers for Disease Control and Prevention.
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4) was β=0.17 (95% CrI: 0.09 to 0.30), a 53% decrease 
from phase 3 (compared with 66% in the base case). We 
estimate the following basic reproduction ratios: R0=6.22 
(95% CrI: 3.56 to 9.98), R0,phase 2 = 3.02 (95% CrI: 1.95 to 
4.32), R0,phase 3 =1.64 (95% CrI: 1.33 to 2.02) and R0,phase 4 
=0.75 (95% CrI: 0.59 to 0.92).

Over the first 83 days of the outbreak, the sensitivity 
analysis predicts 637 symptomatic cases (95% CrI: 502 
to 827), 89 hospitalisations (95% CrI: 70 to 116) and 6 
deaths (95% CrI: 5.8 to 6.8), values very close to those 
predicted in the base case analysis. Thus, even assuming a 
shorter incubation period, we estimate that the mitigation 
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Figure 5  Calculated values of the effective reproduction 
ratio Rt for all intervention phases (phase 1: initial outbreak, 
phase 2: depopulation began, phase 3: increased single 
celling, phase 4: widespread testing of asymptomatic 
incarcerated individuals). CDC guidelines were implemented 
during all four phases. Shaded area around each line reflects 
the 95% credible interval. CDC, Centers for Disease Control 
and Prevention.

Figure 6  Projected number of incident symptomatic 
cases per day for all intervention phases (phase 1: initial 
outbreak, phase 2: depopulation began, phase 3: increased 
single celling, phase 4: widespread testing of asymptomatic 
incarcerated individuals). CDC guidelines were implemented 
during all four phases. Shaded area around each line reflects 
the 95% credible interval. CDC, Centers for Disease Control 
and Prevention.
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strategies led to an 83% reduction in predicted symptom-
atic cases, hospitalisations and deaths.

DISCUSSION
Principal findings
Using a stochastic compartmental model, we estimate that 
depopulation efforts, single celling and asymptomatic 
testing are important interventions to reduce COVID-19 
transmission in jails. We estimate that these actions taken 
by the jail, in addition to those recommended by the 
CDC including sanitation and masking, reduced poten-
tial new cases by approximately 83% over 83 days, and this 
may have averted more than 435 hospitalisations and 30 
deaths among those who live and work in the jail. Taken 
together, these measures not only have bearing for the 
correctional facility, but also for the community health 
systems that surround the jail.

Policy implications
Our findings suggest that depopulation efforts should be 
a primary strategy for COVID-19 mitigation in jails. Reduc-
tion in detained populations to prevent disease transmis-
sion is best achieved by both decreasing the number of 
new intakes and increasing the number of releases.

This requires that authorities controlling jail admissions 
(including police departments, judges and in some cases 
correctional departments) and jail releases (including 
judges, lawyers and community bail funds) focus on 
promoting depopulation efforts to mitigate COVID-19 
transmission.

By creating smaller populations within correctional 
institutions, other mitigation strategies, including phys-
ical distancing and the ability to quarantine and medi-
cally isolate the incarcerated population that remains 
when necessary, are easier to implement. Our analysis 
suggests that single celling, in concert with depopulation, 
was effective in mitigating COVID-19 transmission. To be 
clear, single celling does not imply solitary confinement 
but rather placing one person in a 6×9 ft cell to increase 
physical distancing in correctional facilities.21 Given phys-
ical crowding in many facilities, even when overall incar-
cerated populations are at record lows, increasing access 
to single-occupancy cells will not be feasible without 
depopulation efforts, and as supported by our model, will 
not lead to a contained transmission rate alone. Depop-
ulation should continue in concert with single celling, as 
depopulation reduces density of shared spaces in common 
areas. Facilities unable to appropriately place individuals 
in single cells without relying on solitary confinement 
should embrace depopulation as a preferred strategy. 
Decarceration will require interagency coordination to 
achieve the full public health impact, including testing 
people prior to release.22 Without testing and ensuring 
opportunities for community quarantine, correctional 
facilities may contribute to ongoing transmission in the 
surrounding community.23 24

Lastly, asymptomatic testing is an important compo-
nent of COVID-19 mitigation strategies. This jail focused 
on asymptomatic testing through contact tracing of 
people who tested positive, medically vulnerable popula-
tions and on admission. However, more research needs to 
be conducted on who should be tested and under what 
circumstances, including whether mass testing is effective, 
when individuals should be tested and at what intervals.

National and international health agencies, such as the 
CDC and the WHO, should address depopulation, single 
celling and asymptomatic testing in future guidance for 
detention facilities and should consider how to best imple-
ment these measures. Correctional facility administrators 
will need to consider how to best mitigate the challenges 
that come with these strategies. For example, coordina-
tion of healthcare and social services organisations prior 
to release should be prioritised, as should considerations 
of testing when releasing individuals as part of depopula-
tion efforts.4 22

Limitations
Our analysis has several limitations. We used a compart-
mental model which assumes homogeneous mixing 
among the entire population. Correctional facilities in 
reality do not exhibit homogeneous mixing, especially 
across divisions, buildings or tiers within the facility. 
Our model does not have the granularity to capture the 
influence of individuals on transmission dynamics. Our 
model assumes a relatively stationary population and 
only accounts for mixing within the jail. Jail populations 
are highly variable with frequent intakes and releases. 
Jailed individuals also have variable daily routines, such 
as where they eat or exercise, which are not accounted 
for in our model. We did not account for possible false 
positives, misdiagnosis, over-reporting or under-reporting 
in the dataset. Finally, the many interventions undertaken 
by the jail make it difficult to determine the causal influ-
ence of any one intervention.

Importantly, these limitations influence our estimates 
of β and R0. We model the jail as a closed system and thus 
neglect exogeneous infection (eg, staff or new intake 
incarcerated individuals who contracted the disease in 
the community) that likely entered the jail before large-
scale testing efforts. Because our analysis assumed that 
all new infections arise from internal transmission, we 
likely overestimate the true values of β and R0, particu-
larly in the early phases of the epidemic in the jail. Thus, 
conclusions resulting from our analysis should focus on 
the relative reductions of β and R0 rather than the precise 
estimates of these values.

CONCLUSIONS
Despite the limitations of our analysis, we conclude that 
it is possible to mitigate the spread of COVID-19 even in 
correctional settings, where standard physical distancing 
practices are difficult to achieve, by implementing depop-
ulation strategies, promoting increased single celling 
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and asymptomatic testing with appropriate isolation. The 
large estimated reduction in the transmission rate (≥80%) 
from these three intervention strategies is comparable 
with standard social distancing measures in a community 
setting.25 Even when accounting for potential additional 
presymptomatic transmission, the relative reductions in 
β and R0 remain very high, further reinforcing the effec-
tiveness of depopulation, single celling and asymptomatic 
testing. As states and the federal government are focused 
on reopening economies and resurging numbers of cases 
in many states, strategies should be devised to protect 
those who are incarcerated and those who work in correc-
tions by further limiting population increases so that 
future outbreaks are averted.

Twitter Emily A Wang @ewang422
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