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ABSTRACT

Introduction: Large, localised outbreaks of COVID-19 have been repeatedly reported in high-density residential
institutions. Understanding the transmission dynamics will inform outbreak response and the design of living
environments that are more resilient to future outbreaks.

Methods: We developed an individual-based, multilevel transmission dynamics model using case, serology and
symptom data from a 60-day cluster randomised trial of prophylaxes in a densely populated foreign worker
dormitory in Singapore. Using Bayesian data augmentation, we estimated the basic reproduction number and the
contribution that within-room, between-level and across-block transmission made to it, and the prevalence of
infection over the study period across different spatial levels. We then simulated the impact of changing the
building layouts in terms of floors and blocks on outbreak size.

Results: We found that the basic reproduction number was 2.76 averaged over the different putative prophylaxes,
with substantial contributions due to transmission beyond the residents’ rooms. By the end of ~60 days of follow
up, prevalence was 64.4 % (95 % credible interval 64.2-64.6 %). Future outbreak sizes could feasibly be halved
by reducing the density to include additional housing blocks, or taller buildings, while retaining the overall
number of men in the complex.

Discussion: The methods discussed can potentially be utilised to estimate transmission dynamics at any high-
density accommodation site with the availability of case and serology data. The restructuring of infrastructure
to reduce the number of residents per room can dramatically slow down epidemics, and therefore should be
considered by policymakers as a long-term intervention.

1. Introduction

et al., 2021) and Thailand (Rojanaworarit and Bouzaidi, 2021).
Singapore was one of the first countries outside China to identify

The COVID-19 pandemic has disproportionately affected the most
vulnerable groups in society: low-income communities, racial minor-
ities, the homeless, those in institutional housing and migrants (Shadmi
etal., 2020; Team and Manderson, 2020). Migrant workers experience a
confluence of vulnerabilities: they are often lower-income, sometimes
ethnic minorities, often do work that cannot be done remotely, may
have a precarious legal or residential status, and are more likely to live in
crowded housing. Large outbreaks among migrant worker communities
have been observed in Kuwait (Alali et al., 2021), Singapore (Gorny

COVID-19 cases and, despite early successes in containing spread among
the general population, experienced rampant transmission among
migrant workers living in purpose-built and other dormitories. The
affected community was mostly men working in manual or technical
roles, typically aged 20-55, living in high density accommodation with
10-20 men per room and thousands of men per dormitory (Gorny et al.,
2021; Rojanaworarit and Bouzaidi, 2021; Koh, 2020). From mid-April,
2020, the government implemented strict containment measures,
imposing cordons sanitaires on dormitories to prevent residents’ entry
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and exit and further movement restrictions within dormitories, mea-
sures which were partially relaxed from July, as the outbreak came
under control and the residents resumed work, albeit with restrictions to
their liberties that persisted over a year thereafter. Despite the efforts to
contain spread, the prevalence of PCR or serology confirmed infection
among migrant workers living in dormitories in Singapore reached 56 %
by August 2020 (Tan et al., 2021), highlighting the vulnerability of this
group.

Dormitory residents are at great risk of infection due to the high
density of their accommodation (Sadarangani et al., 2017). The sharing
of facilities such as toilets, showers and kitchens, as well as sleeping
spaces, facilitates transmission via the inhalation of respiratory particles
due to the close proximity and direct contact with respiratory tract se-
cretions or other infectious body fluids of infected persons (Franco--
Paredes et al., 2020). Although structural accommodation changes are
underway, very many migrant workers in Singapore will continue to
share spaces in highly populated settings (Yi et al., 2021). This is
particularly of concern with the global, rapid rise of the delta and then
omicron variants (Chia et al., 2021; Pulliam et al., 2021), and the
re-emergence of dormitory clusters in Singapore (COVID-19 Situation
Report, 2021), which make understanding the localised epidemic
critical.

Gaining quantitative understanding on the transmission dynamics
and evaluating the effects of building layout within such high-density
settings will be advantageous in restructuring living and working ar-
rangements, and prospectively redesigning dormitories, to mitigate the
impact of future outbreaks. Utilising collected data on seroprevalence
and symptom onset for 4257 residents at a foreign worker dormitory
from May to July 2020 as part of a prophylaxis trial (Seet et al., 2021),
this paper has two aims: firstly to infer infection progression through
space and time, and thereby to estimate the basic reproduction number
(Ro) and the contributions to it that different intraspatial levels made,
including within room, between levels and across blocks. This was
achieved using a Bayesian data augmentation approach of an
individual-level disease state model. Secondly, we simulated epidemics
based on the estimated transmission rates across a range of different
building configurations to determine how changes in the number of
floors and housing blocks affects outbreak size.

2. Materials and methods
2.1. Population under study

The data collated for this study were obtained from a 60-day (May 19
to July 17, 2020) cluster randomized trial at Tuas South Dormitory, a
dormitory for male migrant workers in western Singapore comprising
five 9-floor residential blocks with similar floor plans. Each block has
one staircase and one elevator for all the residents to share, and each
floor has 14 units designed to maximally accommodate either 12 or 16
persons (Fig. S1). En suite toilets and shower facilities are available in all
the units as well. The first case of COVID-19 in the dormitory was
identified on April 7, 2020, 16 days before it was gazetted as an isolation
area which meant all individuals, including but not limited to the dor-
mitory residents, were unallowed to enter or exit the premises except for
medical reasons, and intermingling among individuals on site was
strictly minimised. Mask wearing was mandated but was monitored only
in public areas and thus compliance might not have been complete. In
all, 4257 out of the 6502 dormitory residents met the eligibility criteria
and consented to participate in the trial, which aimed to determine
whether any of oral hydroxychloroquine, oral ivermectin, povidone-
iodine throat spray, oral zinc/vitamin C combination and oral vitamin
C could serve as prophylaxis. Participants provided informed consented
in their own languages after an extended process of explanation and the
trial was approved by the Domain-Specific Review Board, National
Healthcare Group (2020/00561), the Ministry of Health, the multi-
ministerial Joint Task Force, and was conducted under a Clinical Trial
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Authorization (CTA2000053) by the Health Sciences Authority, which
oversees all clinical trials in Singapore. The main results have been
published elsewhere (Seet et al., 2021).

2.2. Serology and case data

Two rounds of SARS-CoV-2 antibody tests were conducted in the
trial. The first took place upon enrollment within the first 17 days of the
study, from May 19 to June 4, 2020, while the second was targeted at 42
days after the first, from June 29 to July 14, 2020. Among the workers
who enrolled in the study, all but 6 (99.9 %) had the first antibody test,
among whom 456 (10.7 %) tested positive indicating they had been
infected before the trial started. By the time of the second test, which
involved all but 19 (99.6 %) men, 2586 (60.8 %) were positive, i.e. 2131
(50.0 %) men seroconverted over the course of the six weeks in the trial
(Table 1).

A total of 401 (9.4 %) participants received a reverse transcription
polymerase chain reaction ([RT-]PCR) test after they or their roommates
developed respiratory symptoms during the study. Asymptomatic in-
dividuals were not tested unless they were identified as close contacts of
a symptomatic case who was PCR positive. Only 2 (2.1 %) of the tested
individuals obtained a negative result. For those who were PCR positive,
we imputed a seropositive result in the second serology test regardless of
the actual test result.

2.3. Symptom data

Self-reported data of 23 associated symptoms and the time of
development were collected via an online platform from a total of 4054
residents of the dormitory. According to the serology test results, among
those who provided results, 2017 (49.8 %) became infected during the
study of whom 510 (25.3 %) declared that they had experienced at least
one of the 23 symptoms during the trial.

2.4. Modelling framework

We created three submodels specifically addressing symptom pro-
files, infection size and infection rate, illustrated in Fig. 1 and described
below.

2.4.1. Model of symptoms

Appearance rates of the 23 symptoms between the infected and un-
infected populations were compared and we included seven in the model
including fever, cough, runny nose, sore throat, change in smell, change
in taste and loss of appetite, since these discriminated the infected and
uninfected residents well (SI Fig. S3). In this model, we only considered
symptomatic individuals who became infected during the study period
of May 19 to July 17, 2020, i.e. those who were tested negative in the
first serology test but positive in the second, and showed at least one of
the seven of symptoms between the two tests.

For individual i infected at time T;:nf, the number of symptoms among
the septet reported on day t after infection, Ni(t + Tﬁnf), is assumed to

follow a beta-binomial distribution with mean u(t) = 7asfq, ,(t) and
variance v(t) = Ou(t), where f,(x) is the probability density function of

the log-normal distribution LN (a, bz). In this model, a;,as, az and 6 are

time invariant parameters to be estimated, i.e.
N (z + T;inf) ~ Bin(7,p/(1)),

p'(t) ~ Beta(a(1), (1) ),

where a(t) = u(6) 1542~ 1] and p(e) = [1 —u() ][4 -

Epi(t) = a(t‘)’ﬁm = u(t). Under this model, P<Ni<t+T§nf) :0> =

1 } such that
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Table 1

Number and proportion of COVID-19 cases with positive serology test results, seroconversions, and symptomatic and asymptomatic infections among the 4257
participants at Tuas South Dormitory over the period of May 19 to July 17, 2020. Symptomatic infections at follow up requires an initial negative serology test and a
positive result during the follow up period with the presentation of at least one of seven symptoms between the two tests (fever, cough, runny nose, sore throat, change
in smell, change in taste and loss of appetite).

Block No. No. No. of Seropositives at Seropositives Seroconversions from Symptomatic at time of Asymptomatic at time of
No. Floors Rooms Residents beginning after t=0 follow up follow up
At =42 days tot =60
5 5 63 589 28 334 306 50 256
(4 %) (57 %) (52 %) (16 %) (84 %)
7 8 100 876 164 581 417 46 371
(19 %) (66 %) (48 %) (11 %) (89 %)
9 9 112 900 98 693 595 106 489
(11 %) (77 %) (66 %) (18 %) (82 %)
11 9 99 855 123 323 200 27 173
(14 %) (38 %) (23 %) (13 %) (87 %)
13 9 113 1037 43 659 616 929 517
(4 %) (64 %) (59 %) (16 %) (84 %)
Total 40 487 4257 456 2590 2134 328 1806
(11 %) (61 %) (50 %) (15 %) (85 %)
(@)
Uninfected Infected Onset Seroconversion Time
Model of infection Model of symptoms Model of seropositivity
04 100
(b) (c) (d)
0.08 + —_
£ 80
s > 03 3
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23 202 4" o
€< 004 - es - e
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Block
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Time of study (d) Time of onset after infection (d) Time since infection (d)

Fig. 1. Model schematic. (a) Three submodels within the overall COVID-19 transmission pathway from uninfected to seroconverted individuals. (b) Inferred total
infection hazard rate for one example individual in the dormitory. Time is the time on the study (0 being the start of the trial) and the infection hazard is aggregated
over the infection histories of other residents in the dormitory. (¢) Inferred probability density function of incubation period length. Time is the time since infection.
(d) Cumulative seroconversion rate against time since infection. Time is the time since infection. Arrows in subfigure (b) and (c) signify that the corresponding curves
were to be inferred using the models rather than obtained directly from data,

whereas in figure (d), the seroconversion proportion was derived directly from the findings of Xiang et al. (2020).

Bfﬁiﬁf&@?) where B(-) is the beta function; this formulation gives a dis- Based on a previous meta-analysis of incubation period fqr COVID-19
tribution that has greater variance, but same support, as the simpler (McAloon et al., 2020), we set the priors for this model as: T — Tipy ~

LN(log(r) — 0.125,0.25),7 ~ LN(1.88,0.036) such that the mean incu-
bation length for each individual i follows a log-normal distribution with
mean 7. Thus, the posterior of the model parameters a = (a;, az, as,6)
can be written as

binomial distribution, and thus does not imply independence between
the number of symptoms. Then, P(T: Ty = 1) = P(N(1) = 0) x
P(N(2) =0) x -+ x P(N(t—1) = 0) x (1 — P(N(¢t) =0))

onset
and
Tipe = t)-.

= [E(T:mset - ::nf) = ZzltP(Timset -

P(a‘stymy i‘onseﬂ i‘inf) (X{

Thes = T r)] P(T,,.. -

T

i
inf

,1) }p(f),
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where Ny, = {Niym (%) } _represents the daily number of symptoms for
L)

each infected individual considered, T,pser = {Tfmset}i the symptom

onset times and T,y = { T} }; infection times.

2.4.2. Model of infection

Since we considered it unlikely for workers in different blocks to
contact each other physically due to the monitoring of the dormitory,
under a discrete-state continuous-time susceptible-infectious-removed
(SIR) model, the infection rate at time t for individual j in the suscep-
tible compartment was set to be

Aj(t) = ﬂllj[;[m'k(t) +ﬂ21jf.701)r( )+ﬂ3 umr( )

where f;, f, and S5 are fixed transition rates and I’,-Jlock(t), }ji‘luor( t), I’umt( )
are the number of the infectious individuals that stay in the same block,
floor and unit as individual j at time t respectively.
Let X;(t) = {Si(t),Li(t),Ri(t)} be the state for individual i at time
t € [tstarts tend), here tyq: and t,,q are the two ends of the inference
window, binary random variables S;(t),I;(t), Ri(t) € {0,1} and S;(t) +
Ii(t) + Ri(t) = 1. When the man is susceptible, S;(t) = 1; when he is
infected, Si(t) = 0, i(t) = 1; and after he recovers, S;(t) = L(t) = 0,
Ri(t) = 1. For each individual i, Tyyek (), Ioor (1), I (£) is equal to the
sums of the infected state I;(t)’s of the persons who live in the same
block, level and unit as him at time t.
Therefore, the probability that an individual becomes infected at

time t given the history of the infection process Ii(s) = {I},,( )71}100r(5)=

I

wnie(S)} up to time t is

t

P( inf — t‘ {I \er\,,,,, Tma]> = ’1'1'(1‘_ )exp - /l,(?)dé
Tstart
where 4;(t—) = ltirTrtull-(to) is the infection rate of individual i. In addition,
0

if someone remains uninfected throughout the trial, i.e. he remains
uninfected until time t,,4, then the corresponding probability is

Tend

{I( )}\sr\m,[ ru,,,/]> =exp| — /L(‘)dY

Estart

P(Tmf > fond|s

We set the recovery time for an infected individual to be 10 days post
infection (Anon, 2020) and we assigned a non-informative uniform prior
for (f,,5,,p3)- Thus, the posterior distribution for parameters = (4, f,,
ps) can be written as

Ting

ﬁl Tmf O(H lT’ <1(,,d t(Tif )eXP - //‘[i(s)ds
Istart

lend

+1p o, exp| — /i,(s)ds ,

inf

Istart

where Tjyy = Tﬁnfi are the infection times of all individuals involved.

Although the dormitory had isolation facilities for identified cases
(Seet et al., 2021), the majority of the symptomatic infections were not
isolated due to space constraints and some who were tested positive in
PCR tests and relocated were not explicitly included in the study.
Therefore, all the 4257 participants were considered in this model and
the model below.

2.4.3. Model of seroprevalence

Assume hi(t) represents the SARS-CoV-2 antibody test result for in-
dividual i at time t, which equals to 1 if the result is positive and
0 otherwise, then
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hi([) = 1’>Tb’

where Tf) > T;:nf is the threshold time for individual i to turn from
seronegative to seropositive.

Based on the findings of Xiang et al. (2020), we assumed that the
time from infection to seroconversion for individual i, AT, follows a
log-normal distribution whose logarithm has a mean equal to 2.75 and
standard deviation 0.62, i.e. AT' ~ LN(2.75,0.622), which leads to a
mean time to seroconversion of 19.0 days with standard deviation 13.0
days. Thus the probability that an individual i tests positive at their
serology test time t is

P(t>T) = P(1=T}, > AT') = Fars (1T}, ),

where F,ri(e) is the cumulative density function of the distribution
LN(2.75,0.622)..

The likelihood for each serology test result of individual i at time ¢! is
therefore

P(2], 7l ) = [Far 6 = 73, ) N = P -1, ")

and the total likelihood contribution for all individuals is
~TIIIr(s) 7).

=
where ¢, = {tg} are serology test times and T, = {Tﬁnf}i infection
ij

ts ‘ Tmf

times of all individuals considered in this model.

Therefore, P(a, |, Nym, Tonset; Tinf), the joint posterior density
function for the parameters of interest, is obtained by the product of the
individual posterior density functions derived in the above 3 models, i.e.

(a| NsymvTameh mf) (ﬂl Tmf) (ts‘7Tinf)'

The model was fit using a custom designed Markov chain Monte
Carlo algorithm, in which the joint posterior density function was uti-
lized to derive the acceptance rate for new proposals in Metropolis-
Hastings steps. Details are in the supplementary information.

2.5. Modelling intervention scenarios

We considered how changes in the number of individuals sharing one
dormitory room would affect the final infection size in the whole dor-
mitory in outbreaks similar in transmissibility and control to COVID-19.
The changes were made by altering the number of floors in each block or
the number of blocks whilst keeping the number of rooms on each floor
and the population (n = 4257) in the dormitory the same as the original
data set. At the start of each simulation, we randomly assigned dormi-
tory residents to these rooms and 50 infected individuals were placed
uniformly across the blocks to seed infection. We simulated transmission
events based on the posterior mean of the # parameters obtained in
previous steps until the end of the epidemic wave. Thus, the time from
the last event (either a new infection or a new recovery) to infection for a
susceptible individual i, At,, was assumed to follow an exponential dis-
tribution with the mean Ai(t), where t is the last event time and \i(t) is
the infection rate at time t for individual i, i.e.

Af ~ Exp(N(1)).

If A{(t) = 0, individual i will never get infected. Then the next event
time is set to be

t+m1n<{At }le/l)’{ recovery }{IT >t} )7



S. Jin et al.

is the

recovery time for individual i. We performed 1000 simulations for each
scenario.

where .7(t) is the susceptible population at time t and Tﬁewve,y

2.6. Accounting for the effects of different prophylaxes

In a secondary analysis, we explicitly accounted for the trial alloca-
tion of potential prophylaxes to individual participants. In the analysis
in the original publication, statistically significant reduction in risks of
infection were observed in two of the arms (oral hydroxychloroquine
and povidone-iodine throat spray) compared to the comparator arm
(vitamin C) (Seet et al., 2021), although the effects of both were rela-
tively modest, as reflected in the high infection rates on all five arms.
Thus, to address the potential reduction in infection risk after incorpo-
rating transmission dynamics, we allowed individuals assigned to
different arms of the trial to have different risks of acquiring infection.
The prophylaxes include oral vitamin C (arm A), oral hydroxy-
chloroquine (B), oral ivermectin (C), povidone-iodine throat spray (D),
and combination of oral zinc and vitamin C (E); previous analyses found
that arms D and B had lower infection risks. We set prophylaxis A as the
reference arm, as per the trial design, and considered the efficacy ratio of
the other four candidates, rg,7¢,7p,7E, so that the infection rate at time ¢
for individual j in the susceptible compartment became

A_/(t) = r X (ﬁllbluck(t) +ﬁ21ﬂ00r(t) +ﬂ31m1[i(t))7

where r; € {ra,18,7¢, 7D, T8}, Ta = 1, By, B5. B3 are fixed transition rates
and Iyjock (t)  Ifioor (t), Lunit(t) ~ are the number of the infectious individuals
that stay in the same block, floor and unit as individual i at time t
respectively. In this model, therefore, the interventions affect the risk of
acquiring but not transmitting infection.

Analyses were conducted in R Core Team, (2020) and C++ . To
improve computational efficiency, we used C++ to calculate the like-
lihoods for the proposed parameters. R was then used to integrate the
C++ functions and run the Metropolis Hastings algorithm with three
independent chains using the rcpp package (Eddelbuettel and Francois,
2011). R was also used for data-cleaning, simulation and visualization
using the grid package (Zhou and Braun, 2010). Details of parameter
estimation are elaborated in the Supplementary Information. The code is
available at https://github.com/ShihuiJin/Tuas-South-Dorm.

3. Results

We found that the basic reproduction number, Ry, for this institu-
tional outbreak without accounting for prophylaxis measures present
was 2.76 (95 % Credible Interval (Crl) 2.65-2.87) under the assumption
that a dormitory room accommodates 13 individuals, 163 individuals
share a floor and 1300 individuals share a block. The seroprevalence by
July 17, 2020 when the trial ended was estimated to be 64.4 % (95 % Crl
64.2-64.6 %), i.e. an estimated 2743 (95 % CrlI 2731-2750) of the 4257
participants in the dormitory had been infected. The estimated mean

Table 2

Transmission rates and R, by stratum s of shared contacts. The contributions to
Ry by stratum s are defined by Ry = S;N/y. They sum to the total R, of 2.76
(2.65-2.87).

Stratum of Number of Infection rate per infected- Contribution to

shared typical contacts susceptible pair, per day (,, Ry (95 %Crl)

contact within the 95 %Crl)

stratum (n)

Unit 13 0.012 1.51
(0.011-0.013) (1.40-1.62)

Floor 163 0.00016 0.26
(0.00007-0.0003) (0.11-0.42)

Block 1300 0.000076 0.99
(0.00007-0.00009) (0.86-1.13)
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length of the incubation period (from infection to symptom onset) was
3.5 (95 % Crl 3.3-3.8) days. The contribution of within-room contacts to
the overall epidemic transmissibility was 54.7 %, i.e. excluding other
forms of exposure the Ry would have been 1.51 (95 % CrI 1.40-1.62).
Transmission at the block level was estimated to contribute 35.9 %, i.e.
the Ry contribution was 0.99 secondary cases per person (95 % Crl
0.86-1.13), while contacts within other rooms on the same floor only
contributed 9.4 %, or 0.26 (95 % CrI 0.11-0.42) to the Rq (Table 2).

The prevalence differed between blocks in the dormitory throughout
the trial (Fig. 2, SI Table S2). Infections varied from 33.4 % (95 % Crl
31.9-34.6 %) becoming infected and 40.2 % eventually seropositive (95
% CrI 39.8-40.8 %) as of July 17, 2020 in the least affected block to 79.6
% (95 % Crl 78.7-80.1 %) becoming infected as of July 17, 2020 with a
seroconversion rate of 72.9 % (95 % Crl 71.2-74.3 %) in the most
affected one. The outbreaks in the five blocks were also asynchronous,
with peaks observed in two blocks at the end of the first week—when
17.7 % (95 % Crl 15.3-20.1 %) and 10.6 % (95 % Crl 9.4-11.8 %) were
infectious, respectively—while the peak did not occur in two others until
the end of week 5 when 20.1 % (95 % CrlI 18.2-22.1 %) and 29.1 % (95
% Crl 27.0-31.6 %) were infectious, respectively.

In simulations of the outbreak sizes in dormitories with different
configurations (Fig. 3, SI Table S7), the prevalence by the end of the
epidemic wave was 59 % (95 % CrI 28-64 %) if the dormitory had five 9-
floor residential building blocks, which we used as a baseline for com-
parison. When adding one floor to each of the 5 blocks, and reducing the
number of men per room accordingly, the prevalence was modelled to
drop to 52 % (95 % Crl 41-57 %). The average decrease in seropreva-
lence caused by the addition of one floor was not linear, gradually
decreasing from 7 % down to 2 % up to 18 floors. The addition of 5
floors, which reduces the density within each room by a third, causes an
approximate halving in seroprevalence. By contrast, when adding one
block, making a total of 6 blocks, while fixing the number of floors in
each block at 9, seroprevalence decreased to 30 % (95 % CrI 17-40 %).
Seroprevalence halved again, reaching 13 % (95 % CrI 5.8-21 %), when
another block was added. The decline per additional block decreased to
an equilibrium of ~2 % at 12 blocks or more, at which point the density
within each room is close to a third of the current level.

The preceding results did not account for any differential effects of
the five potential prophylaxes, and incorporating the interventions did
not change the findings on the spatio-temporal spread substantially (SI
Table S9-S10).

4. Discussion

As in many countries, the impact of Singapore’s outbreak of COVID-
19 was, over the first year, inequitably distributed among the popula-
tion. The local epidemic was marked by large, concurrent outbreaks
among migrant workers living in dormitories across the island (Vi et al.,
2021). While the nascent outbreak in the general population was
brought under control through lockdown measures (MOH, 2021;
Dickens et al., 2020) including removal of contacts to designated
quarantine facilities and isolation of all infected individuals in hospital,
these measures were viewed as being impractical in controlling spread
in the dormitories due to the sheer number of individuals infected. By
the time the national lockdown was lifted and workers were allowed to
return to work but not elsewhere in July and August 2020, around 60 %
of all residents either had had a positive PCR test or were positive on
serology (Tan et al., 2021). The dormitory we studied had similar out-
comes, despite the prophylaxes we trialled, with partially synchronised
outbreaks across the five blocks in the complex even though lockdown
measures were in place. From the baseline serology, and inferred
epidemic dynamics, by the time the study started, SARS-CoV-2 had
already reached all buildings in the complex. The attack rates observed
in these populations are comparable to homeless shelters and refugee
camps (Roederer et al., 2021), and far greater than community sero-
prevalence studies, e.g. in California (Bendavid et al., 2021), Wuhan (Li
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Fig. 3. Simulated outbreak size by changing numbers of a) floors; b) blocks for a fixed population. The number of men per room is the rounded average. The
configuration at Tuas South Dormitory is marked with darker shades. Attack rates are average proportion from repeat Monte Carlo sampling.

et al., 2021) and Spain (Pollan et al., 2020), and by the end of 2020,
there were over 20 times more PCR-confirmed cases among migrant
workers in Singapore than the general population.

Several aspects of Singapore’s response to the dormitory outbreaks
were justifiable. These include the redeployment of healthcare workers
from hospitals to provide medical care on-site (Vi et al., 2021) and to
identify individuals who would require transfer to hospital for impatient
care. This resulted in a very low number of deaths and need for intensive
care use in the migrant worker population (Koh, 2020) which was
comparable to similar aged healthy populations worldwide. While cor-
dons sanitaires was effective in preventing spillover of infection back into
the general population which was the ultimate goal of the approach.
However, the length of lockdown in crowded conditions, and re-
strictions that lasted over a year on their social activities and freedom to
go to third places beyond their work or home, had been reported to have
a deleterious effect on their mental well-being (Saw et al., 2021).

It is therefore of public health importance that the migrant worker
population and their living environments are ‘future proofed’, to
enhance their resilience to other infectious disease outbreaks and future

waves of new variants of SARS-CoV-2 or other respiratory pathogens
without the same adverse consequences. While efforts are underway to
provide migrant workers in Singapore with better access to healthcare
through a network of dedicated primary care clinics, structural changes
to their dense living environment will be needed to prevent rapid spread
of pathogens. We found that, in spite of restrictions imposed on the
residents when the dormitory was gazetted as an isolation area, the
contribution of cross-block infections to the basic reproduction number
was substantial, and indeed there was more of an overall contribution to
infection risk from others in the block than from others residing on the
same level of the block, due to the greater numbers of residents. This
signifies the importance of contacts between workers in different rooms,
possibly reflecting undetected mingling by residents despite the careful
monitoring of the complex. During the outbreak, guards were posted at
the entrances to each block to prevent intermingling, and although some
mixing between blocks might have occurred when residents visited the
clinic or store, such visits were rare with controlled timing and hence
unlikely to have led to the degree of inter-block spread implied by our
results. However, another hypothesis, that our data do not permit us to
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assess, is that longer-distance spread of aerosols between blocks
occurred, for instance as residents communicated through open win-
dows (which was possible for some blocks but not others and not pro-
scribed). There are no data on the potential role of environmental
contamination either although Singapore has reported transmission in a
public housing block detected through wastewater surveillance, this has
not been reported in the dormitories (Wong et al., 2021). Similar long
distance spread within residential complexes have been observed since
the first SARS coronavirus outbreak (Li et al., 2005), as well as during
the COVID-19 pandemic (Kwon et al., 2020; Anderson et al., 2020). If
long-distance peri-domestic spread is indeed the cause of the large de-
gree of cross-block transmission estimated here, it confirms our obser-
vation that lockdowns like those implemented in Singapore’s
dormitories will not prevent within complex spread, though they may
prevent spread beyond the cordon sanitaire. If so, reducing the density of
the living environment to allow social distancing during quarantines
may be more effective.

Through simulations based upon the estimates from our study, we
found that halving the density would have a substantial impact on the
eventual prevalence under social distancing measures similar to those
implemented during this study. It is worth noting that such a reduction
would still lead to high-density living arrangements compared to the
norm in high-income countries. One issue experienced during Singa-
pore’s foreign worker outbreaks was the lack of space for quarantine of
exposed residents and isolation of cases, which was partially alleviated
by converting other buildings into temporary quarantine and isolation
facilities. While this was not addressed explicitly by our simulations,
reducing the density of regular living arrangements would permit more
flexibility in creating temporary accommodation on-site to establish
cohorting of exposed and infected individuals. The strategy of aggressive
contact tracing, strict isolation of cases and quarantine of all significant
contacts was highly effective for the prevention of local transmission
outside the dormitories during this time period.

Strengths of the study include the high participation rate of residents
in the trial and the well characterised population structure. That data
collection took place within the context of a clinical trial meant there
were good diagnostics—with almost all participants having two sero-
logical samples bracketing the study period, suspect cases being PCR-
confirmed, and moderately high self-reporting of symptoms. In addi-
tion, because the complex had been subject to public health measures by
the government, there was, we believe, high compliance to restrictions
on mobility within and beyond the dormitory.

Furthermore, to account for the heterogeneity in proximity between
the residents, we allowed infection rates to differ for residents in a
different room of the same floor, and of a different floor of the same
block, while assuming a uniform transmission rate from the source to
two individuals residing in the same floor but different rooms, or in the
same block but different floors, which adds some flexibility compared to
a fixed functional form.

Nevertheless, there are limitations worth highlighting. Not all resi-
dents participated in the trial, and for ethical reasons no data was
available on them. However, because we allowed the generation time
distribution to be fit to the data, their omission may not have a sub-
stantial impact on the inferences. Because the trial was conducted dur-
ing a period of hard lockdown when residents were banned from leaving
the dormitory except for medical care, the estimates do not reflect the
situation when residents are subject to less onerous restrictions, and the
specific arrangement of the dormitory, with en suite toilets, may make it
an imperfect representation of outbreaks in dormitories with common
bathing facilities. Furthermore, the study period coincided with a trial of
prophylaxes, which may lower the infection rates relative to a popula-
tion without such interventions, though the high attack rates on all five
arms albeit reduced in two of them suggests this may not be a major
limitation. We also did not have access to molecular typing data to
confirm the actual transmission pathways and did not screen vendors,
security personnel, healthcare workers or other individuals who may
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have been involved in some of the transmission pathways. Finally,
although our study supports a policy of reducing the density of dormi-
tories to increase residents’ resilience to infectious disease outbreaks,
the trade-off between reduced density and increased costs will need to
be taken into consideration in solving this policy question.

Despite these limitations, the study sheds light on the spatio-
temporal spread within a highly monitored, closed population, and
casts doubt on the ability to prevent spread within such an environment
through lockdown measures alone. If implementing a cordon sanitaire
around such a population during future outbreaks, policy makers may
consider allowing more freedoms within the cordon to protect residents’
mental wellbeing.
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