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Background: Transmission dynamics of SARS-CoV-2 varied by the settings of virus exposure. Understand- 

ing the inter-relationship between exposure setting and transmission networks would provide a basis for 

informing public health control strategies. 

Methods: Surveillance and clinical data from the first wave of COVID-19 outbreaks in Hong Kong were 

accessed. Twelve exposure setting types were differentiated – household, neighbourhood, eateries, en- 

tertainment, parties, shopping, personalised service, workplace, education, worship, healthcare, transport. 

Clustering was investigated followed by reconstructing the transmission cascades of clustered cases using 

social networking approach. Linked and unlinked cases were compared in statistical analyses. 

Findings: Between 23 January and 19 June 2020, 1128 cases were reported. Among 324 cases related 

to local transmission, 123 clusters comprising two or more epidemiologically linked cases were identi- 

fied. Linked cases had lower Ct value ( p < 0 ·001) than unlinked cases. Households accounted for 63% of 

all clusters with half as primary setting, while entertainment accounted for the highest number of pri- 

mary setting transmission cases. There were altogether 19 cascades involving > 1 exposure setting, with 

a median reproduction number of 3(IQR: 2–4), versus 1(IQR:1–2) for cascades involving a single setting 

(n = 36 cascades). The longest cascade featured a bar (entertainment) as primary setting, with prop- 

agation through 30 non-primary exposure settings from seven setting types, reflecting, propensity for 

widespread dispersion and difficulty in containment. 

Interpretation: There was marked heterogeneity in the characteristics of SARS-CoV-2 transmission cas- 

cades which differed by exposure setting. Network epidemiological analyses of transmission cascades can 

be applied as a risk assessment tool in decision-making for calibrating social distancing measures. 

Funding: Health and Medical Research Fund 

© 2020 The Authors. Published by Elsevier Ltd. 
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. Introduction 

Since its emergence in late December 2019, the COVID-19 pan- 

emic has been spreading swiftly and extensively around the 

orld. As of the end of September 2020, there were over 34 mil- 

ion confirmed cases resulting in over 1 million deaths ( https: 

/covid19.who.int/ ). With a daily increase of over 0 ·2 million new 

ases, the ultimate toll of the pandemic may surpass many of the 

revious influenza pandemics. Amidst the widespread dissemina- 

ion of COVID-19, marked heterogeneity of SARS-CoV-2’s transmis- 
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ion pattern is noted, [1] as has been described for the related 

irus causing SARS over a decade ago [2] . Modelling studies sug- 

ested the phenomenon of overdispersion, with 80% of the sec- 

ndary transmission caused by a very small fraction of proportion 

f SARS-CoV-2 infected patients, [3] which explains the character- 

stics of outbreaks attributed to a single patient exposure, [4 , 5] or 

nferred from some big clusters as reported in South Korea [6] and 

ermany [7] . 

Heterogeneity of SARS-CoV-2 transmission poses challenges to 

he implementation of an effective containment strategy, and its 

djustment in response to the evolving pandemic. Heterogeneous 

irus spread was postulated to be associated with high viral 

hedding of superspreaders, [8] as shown in reported cases [5] . 

he pattern of superspreading events may however vary between 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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utbreaks, and superspreaders could be unidentified or identi- 

ed only after the event. An analysis of epidemiological data of 

01 cases collected early in the epidemic as of 3 March 2020 

n Hong Kong, Japan and Singapore suggested transmission was 

ot overdispersed and did not find strong evidence for the pres- 

nce of superspreading events [9] . However subsequent studies in- 

luding one done in Hong Kong analysing 1,037 cases as of 28 

pril showed substantial individual heterogeneity in transmissi- 

ility ( k = 0 ·45, 95%; 0 ·3-0 ·72) [10] . On the other hand, hetero-

eneity may also be related to environmental and behavioural and 

ocial factors of individuals that influence transmission dynam- 

cs of the virus, which could be dependent on the settings of 

he respective outbreaks [11] . Many clusters were linked to in- 

oor settings, and it is speculated that closed environment could 

romote secondary virus transmission. [11 , 12] Droplet transmis- 

ion was the predominant mode of virus spread, though air- 

orne and fomite transmission could account for infections under 

pecial circumstances, as reviewed by CDC ( https://www.cdc.gov/ 

oronavirus/2019-ncov/more/scientific-brief-sars-cov-2.html ). Host 

actors, notably asymptomatic transmission, have been reported to 

ccount for 10 to 23% of SARS-CoV-2 infection. [13–15] Detection 

f asymptomatic infection requires considerable efforts and finan- 

ial resources. For each city/country, assessment of the clustering 

atterns of SARS-CoV-2 transmission and their association with 

symptomatic infection would enhance the development of an ef- 

ective intervention strategy. 

In Hong Kong, a 7 ·5-million population Asia-pacific metropoli- 

an city, the first case of COVID-19 was reported in late January 

020, a month after the virus first detected in Wuhan, China 

16] . Corresponding with the growth of the epidemic in Europe 

nd USA, imported infections were increasingly detected as from 

ebruary, which precipitated the occurrence of local outbreaks. 

his first wave of local transmissions lasted through June 2020. The 

im of this study was to delineate the virus exposure settings un- 

erlying the heterogeneity of SARS-CoV-2 transmission, so as to re- 

onstruct the cascades of transmission clusters in evaluating their 

ynamics through the adoption of a network epidemiological ap- 

roach. 

. Methods 

.1. Data source and variables 

Surveillance data of COVID-19 cases reported during the first 

ave of the outbreak between 23 January and 19 June 2020 

ere collected from the Centre for Health Protection, Depart- 

ent of Health, Hong Kong Special Administrative Region Gov- 

rnment. Case reporting criteria for COVID-19 were derived from 

orld Health Organization, which included presentation with fever 

r acute respiratory illness/pneumonia, in conjunction with ei- 

her relevant travel history or contact with a confirmed case in 

he preceding 14 days ( https://cdis.chp.gov.hk/CDIS _ CENO _ ONLINE/ 

eno.html ). Confirmed diagnosis was made in all reported cases, 

ith the detection of SARS-CoV-2 nucleic acid. The datasets com- 

rised socio-demographic and epidemiological data. Matched data 

rom clinical and laboratory records of all reported cases, with fol- 

owup data through 2 August were retrieved from the Hospital 

uthority which manages all public hospitals where all COVID-19 

atients were isolated and receive care. The data included socio- 

emographics (age, gender, ethnicity, residency, underlying medi- 

al conditions), diagnosis and reporting (dates and mode of detec- 

ion, reporting, minimum PCR Ct [polymerase chain reaction cy- 

le threshold] value, with a lower value suggesting higher viral 

oad), clinical characteristics and outcome (symptoms before or at 

iagnosis, clinical status, days from onset to admission, deaths), 

pidemiological characteristics (travel history, imported/local trans- 
2 
ission, number of close contacts, epidemiological linkages, his- 

ory of quarantine for close contacts, and isolation for infected per- 

ons). 

Ethical approval was obtained from the Survey and Behavioural 

esearch Ethics Committee of the Chinese University of Hong Kong 

Ref no. SBRE-19-595). Data access approval was granted by the 

ong Kong Special Administrative Region Government. 

.2. Exposure settings 

Twelve exposure setting types were differentiated for all local 

ransmission cases reported during the first wave of SARS-CoV-2 

utbreak in Hong Kong: household, neighbourhood, entertainment, 

ateries, parties, shopping, personalised services, workplace, edu- 

ation, worship, healthcare, and transport. Characteristics of these 

ettings varied by the number of individuals involved, indoor or 

utdoor location, gathering of persons known and/or unknown to 

ne another, repeated versus one-off event, and the duration (Ap- 

endix Table S1). Briefly, household referred to the residence for 

o-living individuals or close contacts who always meet each other 

ut not living together e.g. couples in romantic relationship. Neigh- 

ourhood was the living environment of neighbours not from the 

ame household. There were three different settings for social ac- 

ivities: eateries referred to places where meals were offered, e.g. 

estaurants and cafeteria; entertainment were social activities at 

remises like bar and karaoke patronised by members of the pub- 

ic; and parties were private gatherings with known persons. Shop- 

ing referred to activities in shops, markets and department stores, 

hich were open to public. Personalised services were attended by 

ndividuals outside residence as those in gymnasium and beauty 

arlour. Workplace was activity space for staff. Education referred 

o school and classroom-based activities. Worship comprised des- 

gnated venues for religious activities. Healthcare referred to insti- 

utions for caring for sick people. Transport covered vehicles and 

tations for passengers, drivers, or staff. 

.3. Transmission networks, linkages of cases and cascades 

SARS-CoV-2 is transmitted in networks, with cases forming 

lusters composing of epidemiologically linked persons, either di- 

ectly through inter-personal contacts or indirectly as a result of 

haring the same exposure setting during specific time intervals. 

ll cases could present either as isolates without epidemiological 

inkages (unlinked) to other cases, or in clusters when two or more 

ersons were epidemiologically linked. Clustering of cases in the 

ransmission networks was inferred from the epidemiological his- 

ory derived from clinical and surveillance datasets. Network dia- 

rams were constructed using UCINET 6 for Windows. 

A transmission cascade represents the structure of the chained 

ropagation of the infections through nodes in the network [17] . 

y applying a two-mode network approach, SARS-CoV-2 infected 

ersons in clusters were represented as nodes in one mode, while 

he second mode was the respective setting of virus exposure. 

hese cascades were illustrated in two-mode network diagrams. 

he reproduction number R of a cascade was the average number 

f secondary cases generated by an index case in the cascade. To 

valuate the network property of the clusters, two-mode networks 

ere transformed to one-mode networks. 

.4. Data analysis 

Descriptive statistics were used to describe the epidemiologic 

haracteristics of all SARS-CoV-2 cases reported during the first 

ave of the outbreak. Comparison between imported (marked as 

) and local (marked as 1) cases were performed in bivariable lo- 

istic regression models in SPSS 25 (Appendix Figure S1). Contin- 

https://www.cdc.gov/coronavirus/2019-ncov/more/scientific-brief-sars-cov-2.html
https://cdis.chp.gov.hk/CDIS_CENO_ONLINE/ceno.html
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Table 1 

Comparison between imported cases (n = 690) and local transmission cases (n = 438) during the first wave of SARS-CoV-2 

outbreak in Hong Kong, between January and June 2020 

imported (n = 690) local (n = 438) Total OR 95%C.I. 

n % n % n % (U-test) ( p -value) 

Gender 

female 313 45% 209 48% 522 46% ref 

male 377 55% 229 52% 606 54% 0 ·91 0 ·72–1 ·16 

Median age at onset, IQR 28 20-48 40 31-56 35 22-52 (98427) ( < 0 ·001 ∗) 

Ethnicity 

non-Chinese 221 32% 134 31% 355 31% ref 

Chinese 469 68% 304 69% 773 69% 1 ·07 0 ·83–1 ·38 

Hong Kong residency 

no 20 3% 1 0 ·2% 21 2% ref 

yes 670 97% 437 99 ·8% 1107 98% 13 ·04 1 ·74–97 ·55 ∗

Underlying illness 

no 602 87% 358 82% 960 85% ref 

yes 88 13% 80 18% 168 15% 1 ·53 1 ·10–2 ·13 ∗

Symptomatic 

No 205 30% 48 11% 253 22% ref 

Yes 485 70% 390 89% 875 78% 3 ·43 2 ·44–4 ·83 ∗

∗p < 0 ·05 

IQR: interquartile rnage; OR: odds ratio; U-test: Mann–Whitney U test 
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ous independent variables such as age and Ct value were com- 

ared by Mann–Whitney U test. Local cases as well as imported 

ases causing local transmission (referred as cases related to lo- 

al transmission) were selected, and comparison between unlinked 

marked as 0) and linked (marked as 1) cases was performed 

n bivariable logistic regression. Complete-case analyses were per- 

ormed. 

The pattern of transmission in linked cases was described by 

he size of cascades, intervals between the earliest onset date and 

ast reporting date in the cascade, and type of exposure setting. 

rom the transformed one-mode networks, degree centrality was 

easured for all linked cases by setting to evaluate the number of 

ies each case had. Normalised degree centrality was calculated by 

ividing the number of edges by the maximum number of possible 

dges in UCINET. 

.5. Role of the funding source 

The funders had no role in study design, data analysis and inter- 

retation, or writing of the report. The corresponding author had 

ull access to all the data in the study and had final responsibility 

or the decision to submit for publication. 

. Results 

.1. General characteristics 

Between 23 January and 19 June 2020, a total of 1128 cases 

f SARS-CoV-2 infection were reported in Hong Kong. The dis- 

ribution of cases by reporting channels followed the description 

n a published report [16] . Travel restrictions were introduced by 

he government since January/February, and enhanced in addition 

o legal regulations on social distancing enacted (see Fig. 1 a) in 

ate March when the transmission in the current wave reached its 

eak. Three-quarters of these cases (843/1128) were reported dur- 

ng a 26-day period between 17 March and 11 April 2020 ( Fig. 1 a).

round 60% were imported cases, and 69% of all cases reported 

ravel history 14-day prior the reporting date. Compared with im- 

orted cases (n = 690), local cases (n = 438) were more likely 

o be older (40 year-old (yo) vs 28 yo, p < 0.001), have underly- 

ng illness (OR = 1 ·53, 95%C.I. = 1 ·10–2 ·13), and be symptomatic

OR = 3 ·43, 95%C.I. = 2 ·44–4 ·83) at presentation ( Table 1 ). Asymp-

omatic cases (n = 253) were identified in the course of quaran- 

ine (n = 227), contact tracing (n = 20) and the introduction of 
3 
nhanced surveillance (n = six) by the screening of citizens with 

isk of exposure, the latter undertaken in private clinics, govern- 

ent outpatient clinics (GOPC) and accident and emergency de- 

artments (AED). Six (0 ·5%) of the reported cases have died. 

.2. Comparison of linked and unlinked cases related to local 

ransmission 

There were 450 cases related to local transmission, including 

0 imported infections causing subsequent secondary infections. 

mong them, 324/450 (72%) were linked cases while 126/450 

28%) were unlinked cases. There was no significant difference 

n socio-demographic characteristics between the two groups. A 

ower proportion of linked cases were symptomatic at presenta- 

ion (88% vs 94%) ( Table 2 ). During hospitalisation, linked cases 

ecorded lower Ct value (23 ·6 vs 29 ·1, p < 0 ·001) than unlinked

ases. Epidemiologically, linked cases gave a shorter interval from 

nset to hospital admission (3.9 days vs 5 ·7 days, p < 0 ·001). 

.3. Settings of virus exposure and clustering 

Table 3 shows the distribution of all linked cases related to lo- 

al transmission and the number of clusters by exposure setting. 

 total of 123 clusters were identified among 324 linked cases re- 

ated to local transmission. Transmission in household settings ac- 

ounted for 63% of clusters and 56% of all linked cases ( Table 3 ).

ach of the remaining settings accounted for less than 10% of 

lusters and cases, except entertainment settings (28% of cases). 

emographically, a high proportion of cases were aged 25–49 in 

ll settings, except neighbourhood (more in age group of 50–64) 

nd worship (more in age group of ≥65). Transport, household 

nd neighbourhood had the lowest proportion of clusters in pri- 

ary settings. The proportion of asymptomatic infections varied 

etween 0% and 20% of cases by setting. The mean Ct value by set- 

ing ranged from 18 to 35 for index cases (n = 45), and between 

8 and 31 for clusters. Statistical comparison could not be made 

ecause of the small numbers per setting. 

The exposure settings could be further differentiated into pri- 

ary (initial transmission) and non-primary (subsequent transmis- 

ion) by their sequence of occurrence in a cascade. Table 4 shows 

he propagation of linked transmission from primary to subsequent 

on-primary settings. The primary setting with the highest num- 

er of linked transmissions was household, forming 37 clusters 
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Fig. 1. (a) epidemic curve of SARS-CoV-2 transmission in Hong Kong (n = 1128), with interventions shown on the same timeline; temporal distribution of transmission 324 

cases: (b) by cluster of two or more cases; and (c) by cascade composing of linked clusters 

Remarks: ∗Cap. 599F Prevention and Control of Disease (Requirements and Directions) (Business and Premises) Regulation came into operation on 28 March 2020. Under 

the regulation, customers at eateries should wear mask at all times and only to remove when they consume food or drink; ∗Cap. 599G – Prevention and Control of Disease 

(Prohibition on Group Gathering) Regulation came into operation on 29 March 2020. On Fig. 1 (b) and (c), the bubble size represents the number of cases in each cluster of 

linked transmissions, coloured by settings, the location of bubble is the first reporting date, and error bar from the onset date of the first case to the reporting date of the 

last case. 

4 
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Table 2 

Comparison between linked (n = 332) and unlinked cases (n = 126) related to local transmission of SARS-CoV-2 in Hong Kong, 

January to June 2020 

unlinked (n = 126) linked (n = 324) OR 95%C.I. 

n % n % (U-test) ( p -value) 

Socio-demographics 

Gender 

female 55 44% 159 49% ref 

male 71 56% 165 51% 0 ·80 0 ·53–1 ·22 

Median age at onset, IQR 39 32–51 40 31-57 (19919) (0 ·69) 

Ethnicity 

non-Chinese 41 33% 98 30% ref 

Chinese 85 67% 226 70% 1 ·11 0 ·72–1 ·73 

Underlying illness 

no 103 82% 264 81% ref 

yes 23 18% 60 19% 1 ·02 0 ·60–1 ·73 

Symptomatic at diagnosis 

No 7 6% 40 12% ref 

Yes 119 94% 284 88% 0 ·42 0 ·18–0 ·96 ∗

fever 65 52% 175 54% 1 ·10 0 ·73–1 ·66 

cough 62 49% 141 44% 0 ·80 0 ·53–1 ·20 

sore throat 28 22% 64 20% 0 ·86 0 ·52–1 ·42 

diarrhoea 8 6% 18 6% 0 ·87 0 ·37–2 ·05 

loss of taste and/or smell 7 6% 10 3% 0 ·54 0 ·20–1 ·46 

Detection and outcome 

onset and PCR Ct value date, median days, IQR 12 6–17 8 4–14 (7348) ( < 0 ·001 ∗) 

median min. PCR Ct value, IQR 29 ·1 22 ·7–32 ·7 23 ·6 18 ·7–30 ·9 (8774) ( < 0 ·001 ∗) 

onset to admission, median days, IQR 5 ·7 3 ·7–8 ·3 3 ·9 1 ·8–7 ·0 (12992 ·5) ( < 0 ·001 ∗) 

onset to isolation, median days, IQR 5 ·0 3 ·0–9 ·0 4 ·0 2 ·0–9 ·0 (3403 ·5) (0 ·54) 

onset to report, median days, IQR 6 ·0 3 ·0–9 ·0 4 ·0 2 ·0–8 ·0 (13641) (0 ·002 ∗) 

Epidemiologic characteristics 

Travel history 

no 50 40% 288 89% ref 

yes 76 60% 36 11% 0 ·80 0 ·05-0 ·14 ∗

Classification 

Close contact of imported case 0 0% 23 7% / 

Close contact of local case 0 0% 178 55% 

Close contact of possibly local case 0 0% 61 19% 

Imported source case 0 0% 20 6% 

Local source case 41 33% 27 8% 

Possibly local source case 85 67% 15 5% 

∗p < 0 ·05 

IQR: interquartile range; OR: odds ratio; PCR Ct value: polymerase chain reaction cycle threshold value; U-test: Mann–Whitney U 
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mong a total of 87 persons, followed by eateries with 8 clus- 

ers and 33 cases. Entertainment, while accounting for the third 

ighest number of clusters (n = seven), involved the highest num- 

er of 94 infected persons. Primary entertainment setting infec- 

ion was epidemiologically linked with a diverse range of sub- 

equent non-primary setting transmissions, including household, 

eighbourhood, eateries, parties, personalised services, workplace, 

nd transport. Neighbourhood as a primary setting was linked 

nly with two non-primary setting transmissions – household and 

ateries. Linkage of eateries was limited to the non-primary set- 

ings of household and workplace. Similarly, workplace was linked 

nly with three non-primary settings, namely, household, neigh- 

ourhood, and transport. 

Temporally, clusters in entertainment setting propagated 

hrough a short period of time (about 1 ·5 months), compared with 

hose in household, neighbourhood, and workplace settings (al- 

ost spanning over the whole study period) ( Fig. 1 b and 1 c). With

ocial distancing regulations gazetted by the government on 28 

arch, reporting of clusters in settings of eateries, entertainment, 

ersonalised services, shopping, parties, education, and worship 

eased by 11 April 2020. The last case of a cluster outbreak was 

eported on 2 June 2020. 

.4. Transmission cascades and network properties 

To profile the transmission cascades, two-mode network dia- 

rams were drawn to demonstrate the propagation of the viruses 
5 
hrough settings and persons ( Fig. 2 a). There were altogether 19 

ascades involving more than one infection setting, with the re- 

ainder (36) associated with only one setting. The size of these 

ascades ranged between two and 103 by the number of per- 

ons, and one and 31 by the number of different settings. Al- 

ost three-quarters (239/324) of the linked cases were involved 

n 35% (19/55) of transmission cascades with more than one set- 

ing ( Table 5 ). Among all transmission cascades involving only one 

etting, 78% (28/36) were in households, and 8% in entertainments. 

mong transmission cascades with more than one setting, a higher 

roportion were in household (7/19) and eateries (6/19). The me- 

ian reproduction number R of cascades involving one or more set- 

ing was 3 (IQR: 2–4), versus 1(IQR:1–2) for single setting. A high 

roportion of cascades involved households as non-primary setting 

10/19), while none of the cascades involved entertainment, shop- 

ing, education, worship, and healthcare as non-primary settings. 

ransport only existed as secondary setting for transmission cas- 

ades. 

On a temporal scale, the median time interval of onset dates 

etween the first and the last case in the same cascade was 15 

ays (IQR 9–24) in cascades with more than one setting, and seven 

ays (IQR 4–10) in cascade with only one setting. The longest cas- 

ade by the number of exposure settings was associated with a 

ar (entertainment setting type) as primary setting (72 cases re- 

orted), which propagated through 30 non-primary settings (31 

ases reported), spanning over 26 days by reporting dates (week 

3–14). The cascade’s reproduction number was 4 ·25. Comparing 
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Fig. 2. Transmission cascades of 324 linked cases related to local transmission illustrated in networks 

(a) Two-mode networks with cases linked with cluster name - cases shown as circles and linked to other cases sharing the same cluster name, classified by the type of 

exposure settings and aligned by reporting week (from week 5 (29 January 2020) to week 24 (13 June 2020)); (b) One-mode network diagram of epidemiologically linked 

cases - cases with Ct value shown as circles with 1/Ct value represented by graduated symbol size and symbol colour (symptomatic in red, asymptomatic in green) while 

cases without Ct value records are shown as ‘plus’ signs. 

6 
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Table 3 

SARS-CoV-2 transmission characteristics by setting of virus exposure, n = 324 

household neighbourhood entertainment eateries parties shopping personalised 

services 

workplace education worship healthcare transport 

# of clusters (n = 123) 78 4 7 10 3 2 2 10 1 1 1 2 

# of cases ̂ (n = 324) 180 20 91 43 16 9 5 25 5 12 2 4 

age grou p 

< 15 6% 0% 0% 0% 6% 0% 0% 0% 0% 0% 0% 0% 

15-24 4% 5% 9% 9% 0% 11% 0% 0% 0% 0% 0% 25% 

25-49 51% 20% 76% 49% 88% 89% 60% 48% 100% 17% 50% 75% 

50-64 26% 55% 13% 23% 6% 0% 40% 48% 0% 17% 0% 0% 

> = 65 13% 20% 2% 19% 0% 0% 0% 4% 0% 67% 50% 0% 

number of index case 

with Ct value 

22 2 6 3 2 2 1 4 1 1 1 0 

Ct value of index (mean) 26 ·40 27 ·61 24 ·39 31 ·71 33 ·57 21 ·66 32 ·89 32 ·69 34 ·73 35 ·04 18 ·12 NA 

Ct value of cluster 

(mean) 

25 ·70 22 ·98 23 ·35 27 ·00 26 ·10 22 ·56 23 ·72 26 ·02 31 ·00 28 ·88 18 ·39 20 ·71 

% of asymptomatic cases 14% 0% 12% 9% 13% 11% 0% 4% 20% 8% 0% 0% 

% of clusters in primary 

settings 

47% 35% 99% 77% 88% 100% 60% 60% 100% 100% 100% 0% 

% of clusters in 

non-primary settings 

53% 65% 1% 23% 12% 0% 40% 40% 0% 0% 0% 100% 

Normalised degree & 

(median; IQR) 

0 ·01; 

0 ·003-0 ·02 

0 ·03; 0 ·01-0 ·03 0 ·22; 0 ·22-0 ·22 0 ·02; 

0 ·01-0 ·03 

0 ·03; 

0 ·01-0 ·04 

0 ·03; 

0 ·02-0 ·04 

0 ·01; 

0 ·01-0 ·01 

0 ·01; 

0 ·01-0 ·01 

0 ·02; 

0 ·01-0 ·02 

0 ·01; 

0 ·01-0 ·01 

0 ·003;NA 0 ·02; 

0 ·004-0 ·18 

^ case counts may be duplicated if the same cases belong to more than one setting 
& case centrality in terms of normalised degree is calculated in a complete network, which could be formed by a few connected clusters ( Fig. 2 b). The normalised degree – degree (i.e. number of edges) divided by the 

maximum possible edges; 

Table 4 

Propagation of SARS-CoV-2 linked transmission from primary to subsequent (non-primary) settings of virus exposure, n = 324 

Cascades’ primary 

settings 

No. of clusters (cases) in 

cascades’ primary setting 

No. of clusters (cases) in 

cascades’ non-primary setting 

Breakdown of non-primary settings 

eateries entertainment personalised services household neighbourhood parties transport workplace 

entertainment, 

shopping 

1 (7) 3 (6) 3 (6) 

entertainment 5 (82) 29 (67) 2 (4) 1 (2) 1 (2) 21 (49) 1 (4) 1 (2) 1 (2) 1 (2) 

household, 

entertainment, 

shopping 

1 (7) 1 (3) 1 (3) 

household, eateries 1 (5) 1 (2) 1 (2) 

household, eateries, 

education 

1 (6) 1 (2) 1 (2) 

household, workplace 2 (10) 

household 32 (76) 

eateries 6 (27) 5 (10) 2 (4) 3 (6) 

workplace 2 (7) 4 (16) 2 (5) 1 (9) 1 (2) 

neighbourhood 2 (7) 3 (11) 1 (6) 2 (5) 

personalised services 1 (3) 2 (4) 1 (2) 1 (2) 

parties 3 (17) 2 (5) 2 (5) 

healthcare 1 (2) 

worship 1 (12) 5 (12) 5 (12) 

Note: case counts may be duplicated if the same cases belong to more than one cluster 

7
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Table 5 

Properties of 55 transmission cascades with only one and more than one virus ex- 

posure setting 

One setting More than one setting 

No. of cascades (no. of cases) 36 (85 cases) 19 (239 cases) 

No. of cascades in the primary 

(non-primary) settings 

household 28 7 (10) 

neighbourhood 1 1 (2) 

entertainment 3 3 (0) 

eateries 2 6 (2) 

parties 1 1 (1) 

shopping 0 2 (0) 

personalised services 0 1 (1) 

workplace 0 4 (4) 

education 0 1 (0) 

worship 0 1 (0) 

healthcare 1 0 (0) 

transport 0 0 (2) 

% of cases in non-primary settings 

(median; IQR in cascades) 

/ 28% (22%; 14%–30%) 

Median days from onset date of 

1 st case to the last case ∗; IQR 

7; 4–10 15; 9–24 

Median days from onset date of 

1 st case in primary setting to 

onset date of 1 st new case in 

non-primary setting ∗; IQR 

/ 9; 5–18 

Median reproduction number R of 

cascade & ; IQR 

1; 1–2 3; 2–4 

∗for asymptomatic cases without onset date, reporting date is used 
& average number of secondary cases generated by an index case in the cascade 
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econdary cases between cascades with entertainment and house- 

old as primary setting, secondary cases in entertainment cas- 

ades were less likely to be asymptomatic (13% vs 28%, p = 0 ·018).

mong symptomatic secondary cases, the interval between onset 

ate and isolation date was marginally significantly different be- 

ween the two settings (median 3 days for entertainment vs me- 

ian 2 days for household, p = 0 ·056). All cases in cascades of en-

ertainment as primary setting (median 37 yo) was younger than 

hose in household cascade (median 48 yo, p = 0 ·04). To assess the 

mportance of the component nodes (infected persons) in the one- 

ode network analysis, the normalised degree centrality of clus- 

ers in entertainment setting was highest ( Table 3 , Fig. 2 b), reflect-

ng the highest number of linkages. 

. Discussion 

Heterogeneity is the hallmark of the transmission pattern of 

ARS-CoV-2, as inferred from global molecular epidemiologic stud- 

es. [18] Its propagation varies by the rate and extent of secondary 

ransmission in the population, which is in turn dependent on 

he settings of virus exposure. Our results reported, for the first 

ime, the association between exposure settings and the propaga- 

ion of transmission clusters using real world surveillance and con- 

act tracing data. Our results showed that among all settings impli- 

ated in the transmission of SARS-CoV-2 in the first wave outbreak 

n Hong Kong, entertainment constituted the main setting charac- 

erised by rapidity of propagation, linkage with multiple secondary 

ransmission settings and long cascades involving multiple settings. 

he entertainment setting often involved the participation of cus- 

omers with unknown risks who might not be known to one an- 

ther, resulting in clusters that featured higher centrality, reflect- 

ng closer and more linkages between persons. Such transmission 

ppeared to be effectively contained through regulatory measures. 

ouseholds accounted for over half of all reported transmissions, 

ut a majority of the linked infections in households involved two 

inked cases only, without leading to long cascades which can be 

xplained by easier identification and resultant early intervention. 

redominance of household setting for SARS-CoV-2 transmission 
8 
as also been reported in other Chinese cities, [19 , 20] and high- 

ighted in a recent systematic review [11] . On the other hand, 

ransmission clusters from worship and personalised service (like 

tness centres) setting were documented, as have been reported 

n South Korea at a larger scale. [21 , 22] Eateries, personalised ser- 

ices and workplace led to further transmission outside house- 

olds, but the cascades were short. Healthcare and transport set- 

ing transmissions were self-limiting without further transmission 

n secondary settings. Likewise, workplace and neighbourhood set- 

ings accounted for a small proportion of the transmission clusters. 

verall, long cascades and multiple exposure settings reflected the 

ropensity for widespread transmission and dispersion in the com- 

unity and the difficulty in containment. 

To understand the factors potentially contributing to the prop- 

gation of transmission clusters, we examined the virus concen- 

ration by evaluating the Ct values from PCR testing. In our study, 

he linked cases gave a lower Ct, therefore implying higher con- 

entration, during hospitalisation. The Ct results and asymptomatic 

roportion by exposure setting did not allow meaningful compari- 

on because of the small number per setting available for analysis. 

he heterogeneous transmission pattern by exposure setting type 

ould however be assessed by the difference in the characteristics 

f the interpersonal relationship and environment implicated. The 

rolonged and repeated exposure to infected family members ex- 

lained the risk of transmission in households [11] . Gathering in 

losed environments was a feature of entertainment settings, pos- 

ng higher risk of virus transmission [12] . Parties, which involved 

riends and relatives facilitated early identification in contact trac- 

ng, gave shorter cascades compared to entertainment which was 

ften participated by people unknown to one another and with un- 

nown risk and challenges in contact tracing. Airborne and fomite 

ransmission might occur in the spread of the virus in settings 

ith no evidence of direct inter-personal contacts, for example, 

pecific workplaces, neighbourhood, and transport.(Appendix Ta- 

le S1). Their role in the propagation of long cascades like that 

n entertainment setting would require further investigations. The 

apanese Government advised the population to avoid the “Three 

s”: closed spaces with poor ventilation, crowded places, and 

lose-contact settings [23] . Such characteristics were common for 

ntertainments in Hong Kong, which led to larger scale (multiple 

on-primary settings) of spread and longer cascades. Elsewhere, 

ostels were important location for virus spread as reported in Sin- 

apore, where 19.4% of the residents in one major dormitory hous- 

ng – migrant workers were infected [24] . Similar scale of such ac- 

ommodation for workers has not been introduced in Hong Kong, 

nd no reported transmission has occurred in similar settings. Lim- 

tation of spread from healthcare settings in this study could be 

elated to the effective infection control practice adopted, while 

xtensive spread has been widely reported elsewhere [25] . Trans- 

ort setting characteristics involved limited short-term contact de- 

pite the large population implicated. The observation underlines 

he importance of profiling settings of local importance, as inter- 

ersonal networks could differ from place to place. 

The network epidemiologic delineation of transmission cas- 

ades represents one practical means of comprehending the dy- 

amic pattern of SARS-CoV-2 outbreak. When COVID-19 first 

merged in the beginning of the year, its monitoring had relied on 

he use of population level metrics including doubling time and 

asic reproduction numbers. [26 , 27] The latter has subsequently 

een modified as estimated time-varying basic reproduction num- 

ers or effective reproduction number (Rt) for tracking temporal 

hanges, while control measures continued to be enforced [28] . 

imely development of an exit strategy that is based on a risk as- 

essment framework is crucial to enable societies to return to nor- 

al when outbreaks are deemed to be under control [29] . Taking 

eference to the heterogeneity of the transmission cascades, con- 
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rol measures could be adjusted by setting which reflects their rel- 

tive risk in likelihood of contributing to a resurgence of trans- 

ission. As illustrated in this study, activities embodied in set- 

ings associated with rapid virus dissemination, multiple secondary 

ransmission and longer cascades which would be more difficult 

o contain could be prioritised for maintaining enhanced social 

istancing control. On the contrary, clusters in settings with lim- 

ted spread and short cascades are less likely to lead to extensive 

pread. For example, social distancing measures in households and 

eighbourhood settings could be lifted when community spread is 

ubsiding. 

Our study carried some limitations. The data used in the study 

ere derived from the COVID-19 surveillance system, contract trac- 

ng and case detection, and clinical records of reported infections. 

t is possible that some asymptomatic infections or mildly symp- 

omatic patients not seeking medical attention might have been 

issed. The linkage between cases were founded on reports from 

pidemiological investigation without validation by other objective 

ethodologies like molecular studies for all cases. The sources of 

nfection of the first detected case in most clusters were unknown 

nd assumed to be from the local community. Likewise, in the 

ssignment of settings for virus exposure, recall bias and subjec- 

ive perception might have affected the ultimate epidemic history. 

n the delineation of the transmission networks, omitted infec- 

ions were assumed to have played little role in the reconstructed 

ascades. In this study, the epidemiologic analyses have covered 

nly exposure settings involved in the spread of reported SARS- 

oV-2 infections during the first wave of Hong Kong’s outbreak. 

he relatively short cascades of most transmission networks might 

ave resulted from the government’s system of contact tracing and 

uarantine, and early introduction of social distancing measures. 

16 , 30] The analyses shown in this study could therefore be the 

esult of both setting-based transmission and also the effects of 

ntervention. Extrapolation to other cities/countries and at differ- 

nt epidemic stage would need to be cautioned. Nevertheless net- 

ork epidemiological analysis in conjunction with contract tracing 

an be effective in targeting interventions which would be relevant 

n different contexts, in the control of transmission of SARS-CoV-2 

nd avert the need for population wide quarantine. 

In conclusion, through a network-based approach, we have re- 

onstructed the transmission cascades of the first wave of Hong 

ong’s SARS-CoV-2 outbreak. There was marked heterogeneity in 

he characteristics of the transmission cascades which varied with 

he setting of virus exposure. Entertainment stood out as the pri- 

ary setting associated with the widest spread and longest cas- 

ades of linked transmission. While the transmission dynamics of 

ARS-CoV-2 infection may vary geographically and be impacted by 

ifferent intervention strategies, the focus on exposure setting is 

f epidemiological importance. By evaluating the transmission cas- 

ades, activities of settings implicated in rapid virus dissemina- 

ion, multiple secondary transmission and longer cascades should 

e targeted for evaluating and adjusting intervention strategies in 

educing the risk of rebound and achieving public health control of 

he epidemics. 
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esearch In Context 

Evidence before this study 
9 
Transmission dynamics of SARS-CoV-2 infection was reviewed 

rom literature accessed on PubMed as of the end of July 2020. 

arked heterogeneity of COVID-19 epidemiology was noted, high- 

ighting the potential influences of superspreading events. Mod- 

lling studies suggested the phenomenon of overdispersion, with 

0% of the secondary transmission caused by a very small fraction 

f infected patients, which explained the characteristics of out- 

reaks attributed to single patient exposure, or inferred from clus- 

ers reported in China, South Korea, and Germany. The settings of 

irus exposure were postulated to be associated with the risk of 

irus transmission, influenced by environmental and behavioural 

actors. The relationship between the settings and the epidemiol- 

gy of the transmission networks has however not been specifi- 

ally investigated. 

Added value of this study 

For the first time we used a network approach to analyse real 

orld surveillance data to correlate with virus exposure setting. 

uring the first wave of the SARS-CoV-2 outbreak in Hong Kong, 

welve exposure settings were defined. A total of 123 clusters of 

wo or more cases among 324 infected persons related to lo- 

al transmission were identified. The transmission cascades con- 

tructed from two-mode networks showed that their dynamics 

as related to the primary exposure setting. Specifically, enter- 

ainment setting exposure was epidemiologically linked with the 

idest extent of secondary transmissions, while transport, neigh- 

ourhood and households accounted for the lowest proportion of 

lustered transmission in primary setting. Linkage of eateries was 

imited to the non-primary setting transmissions of household and 

orkplace. The results highlighted the phenomenon of setting- 

pecific heterogeneity of SARS-CoV-2 transmission, and supported 

he application of network analyses for assessing the population 

isk of COVID-19. 

Implications of all the available evidence 

By defining exposure settings in the population in conjunction 

f SARS-CoV-2 cluster analyses, its transmission dynamics could 

e assessed for staging epidemiologic risks. Activities of settings 

mplicated in rapid virus dissemination, multiple secondary trans- 

ission and longer cascades could be targeted for adjusting inter- 

ention strategies like relaxation of social distancing measures, en- 

bling better public health control of the epidemics to be achieved. 
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