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Abstract

We aimed to estimate the household secondary infection attack rate (hSAR) of SARS-

CoV-2 in investigations aligned with the WHO Unity Studies Household Transmission

Investigations (HHTI) protocol. We conducted a systematic review and meta-analysis

according to PRISMA 2020 guidelines. We searched Medline, Embase, Web of Science,

Scopus and medRxiv/bioRxiv for “Unity-aligned” First Few X cases (FFX) and HHTIs

published 1 December 2019 to 26 July 2021. Standardised early results were shared

by WHO Unity Studies collaborators (to 1 October 2021). We used a bespoke tool to

assess investigation methodological quality. Values for hSAR and 95% confidence

intervals (CIs) were extracted or calculated from crude data. Heterogeneity was

assessed by visually inspecting overlap of CIs on forest plots and quantified in meta-

analyses. Of 9988 records retrieved, 80 articles (64 from databases; 16 provided by

Unity Studies collaborators) were retained in the systematic review; 62 were included

in the primary meta-analysis. hSAR point estimates ranged from 2% to 90% (95%
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prediction interval: 3%–71%; I2 = 99.7%); I2 values remained >99% in subgroup ana-

lyses, indicating high, unexplained heterogeneity and leading to a decision not to report

pooled hSAR estimates. FFX and HHTI remain critical epidemiological tools for early

and ongoing characterisation of novel infectious pathogens. The large, unexplained var-

iance in hSAR estimates emphasises the need to further support standardisation in

planning, conduct and analysis, and for clear and comprehensive reporting of FFX and

HHTIs in time and place, to guide evidence-based pandemic preparedness and

response efforts for SARS-CoV-2, influenza and future novel respiratory viruses.

K E YWORD S

epidemiologic studies, family characteristics (household), systematic review and meta-analysis,
SARS-CoV-2, pandemic, transmission

1 | INTRODUCTION

Coronavirus disease 2019 (COVID-19), caused by severe acute respi-

ratory syndrome coronavirus 2 (SARS-CoV-2) infection, was first

reported in Wuhan, China, in December 2019. It was declared a Public

Health Emergency of International Concern by the World Health

Organization (WHO) on 30 January 2020 and characterised as a pan-

demic in March 2020.3

Since the early stages of the COVID-19 pandemic, households

have been a major setting of SARS-CoV-2 transmission.4 As such,

household transmission investigations (HHTIs)—including studies of

the First Few X cases (FFX) in household settings—provide an oppor-

tunity to explore transmission dynamics and infection-severity

(i.e., probability of hospitalisation given infection) of SARS-CoV-2.

HHTIs facilitate the collection of epidemiological, clinical and virologi-

cal data in well-defined closed settings, where household contacts can

be more accurately ascertained and followed up to identify infector–

infectee pairs than in the general population, including both virological

and serological evidence of infection. Conducting HHTIs during the

emergence of a novel respiratory pathogen provides an opportunity

to swiftly characterise the transmissibility and infection-severity of

the pathogen. These estimates are crucial to inform policy and public

health interventions at the local and national level.

A systematic review and meta-analysis of within household trans-

mission for 2009 pandemic influenza A(H1N1) found that estimates

for household secondary infection rate/risk are highly heteroge-

neous.5 This was at least in part attributed to varying household defi-

nitions, secondary case ascertainment and testing methods, and

duration of follow-up. This led to the recommendation of a unified

approach for such investigations. Following a review of the global

response to the 2009 A(H1N1) pandemic in 2012,6 these recommen-

dations were actualised through the global Consortium for the

Standardization of Influenza Seroepidemiology (CONSISE)7 and the

development of a suite of standardised early investigation protocols

by WHO’s Global Influenza Programme and Influenza Pandemic Spe-

cial Investigations and Studies (IPSS).8 These protocols were further

adapted for other high threat respiratory pathogens, such as Middle

East Respiratory Syndrome Coronavirus (MERS-CoV).9

With the emergence of SARS-CoV-2, the WHO quickly adapted

the suite of standardised protocols for rapid use, re-branded them the

Unity Studies10 and included protocols for FFX11 and HHTI.12 The

Unity Studies protocols standardise methods to encourage rapid gen-

eration of local data for public health action and facilitate comparison

of key epidemiological parameters, such as pathogen transmissibility

and infection-severity, across regions and globally. They are adaptable

to enable countries to conduct local investigations irrespective of

income status and resource level.

We aimed to systematically review and meta-analyse available

data from standardised FFX and HHTIs aligned with the objectives

and methods of the WHO Unity Studies HHTI protocol for SARS-

CoV-2 in order to (1) describe the implementation of investigations in

time and place, (2) assess methodological quality of aligned investiga-

tions, (3) calculate a pooled estimate of SARS-CoV-2 household

secondary infection and clinical attack rate and (4) explore sources of

heterogeneity in the household secondary infection and clinical attack

rates. The data from these analyses will enhance overall understand-

ing of the epidemiology of COVID-19 and inform future development

of the HHTI protocol and implementation.

2 | METHODS

The systematic review protocol was registered on PROSPERO on

5 August 2021 (registration number: CRD42021260065) and is

reported according to the PRISMA 2020 guidelines.13

2.1 | Definitions

We defined Unity-aligned epidemiological SARS-CoV-2 HHTIs as

investigations of index cases and all of their household contacts with

longitudinal and prospective collection of epidemiological, virological

and/or serological data for subsequent analysis.12 Retrospective

investigations were considered aligned where the original data source

pertained to contact tracing investigations with active follow-up of all

household members of an index case.
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Index cases were defined as the first case(s) of COVID-19 identi-

fied from a positive reverse transcription polymerase chain reaction

(RT-PCR) result that subsequently triggered the recruitment of their

household to the HHTI.

The WHO’s HHTI protocol defines a household as “[…] a group of

people (two or more) living in the same residence […].”12 In practice,

the definition may vary across regions or when other aspects of liveli-

hood are considered, such as income and the collective consumption

of goods and services.14 We classified individuals who lived with

index cases as “household contacts.” Only investigations with suffi-

cient detail to characterise infection status of all household contacts

were included in the systematic review and meta-analyses.

Our primary outcome, the household secondary infection attack

rate (hereafter “hSAR”), was defined as the probability of a COVID-19

infection amongst susceptible household members exposed to the pri-

mary case detected using laboratory diagnostic tools (either RT-PCR

or serology).15 The household secondary clinical attack rate (hereafter

“hSCAR”) was our secondary outcome and defined as above using

only clinical criteria. It was not always possible to distinguish between

the index and primary cases within households; therefore, we refer to

primary or index cases as “index cases.”

2.2 | Search strategy

Three sources of data were used to identify records in our systematic

review. First, four databases—MEDLINE, Embase, Web of Science and

Scopus, were explored to identify relevant investigations published

between 1 December 2019 and 26 July 2021. The search strategy

sought to identify all combinations of “COVID-19” and terms relevant

to HHTIs: “COVID-19” AND (“household transmission” OR “second-
ary attack rate” OR “close contact” OR “contact transmission” OR

“contact attack rate” OR “family transmission”). The full search strat-

egy is detailed in Appendix A.

Second, using the same search terms and dates, we screened

unpublished investigations made available on the medRxiv and

bioRxiv preprint servers. Finally, we screened results from FFX and

HHTIs not yet available in the literature but that had been shared by

Unity Studies Collaborators with WHO prior to 1 October 2021. We

facilitated the registration of these investigations to the data

repository “Zenodo,” with the permission of the Principal

Investigators.2

2.3 | Eligibility criteria

Records were eligible for this review where the investigation:

1. was aligned to the WHO Unity Studies FFX and HHT investigation

protocols, with longitudinally collected data and active follow-up

of households with a RT-PCR confirmed index case.

2. reported at least five households recruited following identification

of an index case.

3. reported the hSAR and/or hSCAR with a measure of uncertainty,

or provided sufficient data to calculate these parameters.

4. was published in English, Chinese, French, Russian, Spanish,

Portuguese, German or Italian.

5. represented an original investigation, and reported estimates from

the most complete and relevant dataset available.

The search did not identify any records in languages other than

those listed above.

2.4 | Screening and selection of articles

Records were imported into Covidence for consolidation, de-

duplication and storage.16 Records were screened by title and abstract

according to the eligibility criteria. Screening was performed by at

least two independent reviewers (AJM, NM, JPV-C, VS and JEF) who

were blind to the other reviewer’s assessment. A third independent

reviewer (DJP) assessed records for eligibility where consensus could

not be reached. Records in languages other than English, or where eli-

gibility was unclear from initial screening, were retained for translation

or full-text assessment.

Using the same methods for the abstract screening, we con-

ducted full-text screening to determine the final eligibility of investi-

gations. All records retained for the systematic review are henceforth

referred to as investigations. Investigations that (1) did not report suf-

ficient information (e.g., full-text not available and conference

abstract), (2) were secondary analyses of a previously included investi-

gation or (3) were investigations that included a significant proportion

of vaccinated index cases or household contacts were excluded.

2.5 | Methodological quality assessment

We used a flexible, fit-for-purpose critical appraisal tool that consisted

of 12 items to assess the methodological quality of investigations.17

Briefly, the tool was developed to assess specific aspects of HHTI

design, which combines features of case series and longitudinal studies.

The tool builds upon well-established approaches to perform critical

appraisal and risk of bias assessment of observational studies.18,19 Five

team members (AJM, NM, JPV-C, VS and JEF) independently applied

the methodological quality assessment checklist (two members per

assessment) for the hSAR and hSCAR outcomes, and responses were

recorded as Yes/No/Unclear. All questions were used for the overall

assessment. In particular, questions related to household definition, sec-

ondary case ascertainment and duration of follow-up of households

(Appendix A) were highly relevant in our methodological quality assess-

ment to understand alignment to the WHO Unity HHTI protocol and to

indicate suitability in producing aggregated estimates of our outcome

measures. Investigations were classified as having low, moderate or high

risk of bias for each outcome according to their methodological quality;

that is, investigations with lower methodological quality were more

likely to have higher risk of bias. Where consensus about the
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methodological quality assessment could not be reached, a sixth

reviewer (DJP/AK) finalised the assessment.

High risk of bias was generally attributed to unsuitable or ambiguous

study design, analysis methods or results. This included, but was not lim-

ited to, unclear or broad definition of “household” and “household
contacts,” unclear or unsuitable methods of secondary case ascertain-

ment, unclear or insufficient follow-up duration, reduced exposure of

household contacts to primary/index cases or a combination of these.

2.6 | Data extraction

We extracted administrative and contextual data relevant to our

study, including author, country and timing of each investigation. We

further contextualised each investigation by WHO region,20 income

status as reported by the World Bank in 202121 and involvement in

the United Nations Office for the Coordination of Humanitarian

Affairs (OCHA) Humanitarian Response Plan (HRP) for COVID-19.22

We also collected total index cases, total households, total house-

hold contacts, total secondary cases, dates of investigation, household

transmission design (i.e., was the primary objective of the study to char-

acterise household transmission?), method of secondary case ascertain-

ment (e.g., RT-PCR or serology, routine or symptom-based testing) and

data collection methods (i.e., retrospective or prospective).

Data were extracted independently by two reviewers (AJM, NM,

JPV-C, VS and JEF). Discrepancies in the data extraction were resolved

by discussion with all participating reviewers. Where the reporting of

estimates was unclear, incomplete or not explicit, authors were emailed

at least twice in November and December 2021 to confirm details.

Responses were collated until 17 January 2022. Investigations were

excluded if authors did not respond and sufficient data were not avail-

able. No restriction was put on the number of index cases per household.

The number of households was assumed to be equal to the number of

index cases if either was not reported or available upon follow-up, where

the study design suggested this was a reasonable assumption.

2.7 | Statistical analysis

Values for SARS-CoV-2 hSAR, hSCAR and associated 95% confidence

intervals (CIs) were extracted or calculated from crude data.

We conducted a meta-analysis to obtain a global estimate of

SARS-CoV-2 hSAR. The primary meta-analysis only considered inves-

tigations assessed as having low or moderate risk of bias. Forest plots

were produced to illustrate the hSAR and hSCAR estimates of

included investigations. These are presented overall and by subgroups

of interest as described below.

Heterogeneity was assessed by visually inspecting the overlap of

the CIs on the forest plots, quantified in the meta-analysis using the I2

and bτ2 statistics and assessed using the p value from the χ2 test for

heterogeneity.23 We fit a binomial-normal model to separately pool

hSAR and hSCAR, as this model has been demonstrated to produce

unbiased estimates and accounts for variation between

investigations.24 I2 and bτ2 measures indicate the percentage of varia-

tion across investigations attributable to heterogeneity and the esti-

mated between-investigation variance, respectively.

We further explored hSAR and hSCAR heterogeneity in pre-

specified subgroup analyses. Subgroups included (1) income setting

(high income vs. low- and middle-income status) according to the

World Bank classification,21 (2) predominantly circulating variant at

the time the investigation was conducted (variant of concern vs. other

strains of SARS-CoV-2) according to data available from GISAID25

accessed via covariants.org26 where not reported in the investigations

and (3) secondary case ascertainment methods (serological or RT-PCR

testing of all household contacts vs. testing of symptomatic household

contacts only). We also undertook a pre-specified subgroup analysis

of hSAR using the results from our methodological quality assessment

(low or moderate risk of bias vs. high risk of bias).

Following review of forest plots and meta-analysis results, (1) three

post-hoc subgroups were defined and assessed in subgroup analysis,

and (2) a post-hoc decision was made to report the 95% prediction

interval for the primary analysis to further demonstrate the

investigation-level heterogeneity. The first post-hoc subgroup analysis

examined duration of follow-up of household contacts (14 days or less

vs. greater than 14 days). The second compared investigations that did

and did not comply with a stricter definition of adherence and alignment

to the methods and objectives outlined in the Unity protocol. Strict

methodological adherence was defined as a specifically designed house-

hold investigation with prospective follow-up and routine testing of all

household contacts irrespective of symptoms. For example, investiga-

tions that only tested symptomatic household members would not meet

this stricter methodological definition. The third subgroup compared

investigations that used RT-PCR testing alone to those that used both

RT-PCR and serological testing to ascertain secondary cases.

The results from initial and post-hoc analyses indicated substan-

tial heterogeneity among included investigations which was not

resolved by subgroup analysis. This led to an unplanned decision not

to report any pooled estimated. As a result, several planned analyses,

including assessment of publication bias and small study effect,27 and

a sensitivity analysis to investigate the effect of model specification28

were not undertaken (Appendix A).

Data cleaning and collation was performed using Stata version

16 and R version 4.0.29,30 All pooled meta-analyses were undertaken

in R version 4.0 using the metafor package.31

3 | RESULTS

3.1 | Characteristics of included investigations

Figure 1 summarises the literature search and screening process.

We identified 9954 published records from database searches, and

results from 34 FFX and HHTIs were provided directly from WHO

Unity Studies Collaborators. Following removal of duplicates, 6536

records went through title and abstract screening, and 284 subse-

quently underwent full-text assessment. A further 204 records were
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excluded at the full-text stage for various reasons (Figure 1). In

total, 80 investigations (64 from database searches, and 16 provided

by WHO Unity Studies Collaborators) were retained for data extrac-

tion, of which 62 (51 from database searches and 11 provided by

WHO Unity Studies collaborators) were included in the primary

meta-analyses.

Table 1 provides summary characteristics of the 80 investigations

that met the eligibility criteria for the systematic review and for the

subgroup of 62 articles that were included in the meta-analyses—

detailed characteristics of each investigation can be found in Table S1.

Included investigations for the primary outcome of hSAR described

follow-up of households between January 2020 and July 2021, with

the majority (n = 50) completed before July 2020 (Figure S1). Two

investigations did not report a start date. Thirty-two countries were

represented across all six WHO regions—15 countries contributed

more than one investigation to this review, including 20 articles from

China, 8 from India, 7 from the United States of America, 4 from

South Korea, and 4 from Canada. Fifteen lower- and middle-income

countries (LMICs) accounted for 51% (41/80) of the investigations

identified in the systematic review, with 78% (32/41) of these being

included in the meta-analyses. Nine investigations (11%) were con-

ducted in countries supported in the OCHA HRP for COVID-19. Cor-

respondingly, 17 high-income countries (HICs) accounted for 49%

(39/80) of the investigations in the systematic review, with 77%

(30/39) of these included in the meta-analyses.

Of the 76 investigations that reported a hSAR, secondary infec-

tions were predominantly ascertained by either scheduled RT-PCR

testing of all contacts irrespective of symptoms (n = 43), symptom-

initiated RT-PCR testing (n = 9), serology testing alone (n = 3) or

through use of RT-PCR in combination with serology testing (n = 11).

In the remaining 10 investigations, the method of secondary case

ascertainment was unclear—these 10 investigations were excluded

from the corresponding subgroup analysis. Secondary symptomatic

cases were determined by symptoms alone in all instances where

hSCAR was reported (n = 33).

Forty-three investigations (54%) were specifically designed as

HHTIs. The remaining were investigations of all close contacts

that reported sufficient detail from which we could estimate hSAR

and/or hSCAR. The majority of articles collected data prospectively

(n = 55), although some involved retrospective collation of detailed

contact-tracing data from which households could be reconstructed

(n = 23).

3.2 | Methodological quality assessment

The assessment of the methodological quality of the included investi-

gations is summarised in Table 1 and detailed in Appendix A

(Figure S2 and S3). In total, 76 investigations reported a hSAR;

25 were considered to have a low risk of bias, 38 a moderate risk of

F I GU R E 1 PRISMA flow chart. Other reasons for exclusion during full-text screening were: The full-text was not accessible; duplicate
investigations with different indexing; commentaries; corrections; non-COVID related investigations, and conference abstracts, preprints and
short reports with subsequent publications. Abbreviations: FFX, first few X cases investigations; HHTI, household transmission investigation;
WHO, World Health Organization
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T AB L E 1 Summary statistics corresponding to all investigations included in the primary meta-analysis (n = 62) and in the systematic review
(n = 80)

Characteristic, median [IQR] or N (%)

All investigations included in

meta-analyses

N = 62

All investigations included in the

systematic review

N = 80

Number of households included 100.5 [44.5, 213.5] 100 [38.75, 210.5]

Number of household contacts included 286.5 [174.5, 768] 279 [154, 792.75]

Total index cases 103.5 [60.75, 259.75] 102 [53.5, 229.5]

Secondary cases 69.5 [37.75, 138.5] 71 [34.75, 140.25]

Source of article

Peer-reviewed journal investigation –
identified in literature search

48 (77.4%) 58 (72.5%)

Preprints – identified in medRxiv and

bioRxiv literature search

3 (4.8%) 6 (7.5%)

Results provided directly from WHO

Unity Studies collaboratorsa
11 (17.8%) 16 (20.0%)

WHO regionb

AFR 3 (4.8%) 6 (7.5%)

EMR 1 (1.6%) 2 (2.5%)

EUR 13 (21.0%) 18 (22.5%)

AMR 9 (14.5%) 13 (16.3%)

SEAR 7 (11.3%) 10 (12.5%)

WPR 29 (46.8%) 31 (38.8%)

Income statusc

High 30 (48.4%) 39 (48.8%)

Upper-Middle 20 (32.3%) 23 (28.8%)

Lower-Middle 9 (14.5%) 13 (16.3%)

Low 3 (4.8%) 5 (6.3%)

Humanitarian response plan (HRP) for COVID-19 statusd

No 58 (93.5%) 71 (88.8%)

Yes 4 (6.5%) 9 (11.3%)

Presumed dominant straine

Variant of concern 4 (6.5%) 6 (7.5%)

Other strain 58 (93.5%) 74 (92.5%)

HHTI design

Yes 35 (56.5%) 43 (53.8%)

No (FFX, case series, surveillance) 27 (43.5%) 37 (46.3%)

Method of secondary case ascertainment (for hSAR)f

RT-PCR (irrespective of symptoms) 34 (54.8%) 43 (53.8%)

RT-PCR (symptom based) 8 (12.9%) 9 (11.3%)

RT-PCR or serology 12 (19.4%) 12 (15.0%)

Serology - 3 (3.8%)

Unknown method of lab diagnosis 8 (12.9%) 9 (11.3%)

Did not report a hSAR - 4 (5.0%)

Method of secondary case ascertainment (for hSCAR)g

Symptoms only 24 (38.7%) 33 (41.3%)

Did not report a hSCAR 38 (61.3%) 47 (58.8%)

Follow-up of households

(Continues)
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bias and 13 a high risk of bias. Of the 33 investigations reporting

hSCARs, 22 were considered to have a low risk of bias, and 11 had a

moderate risk of bias.

3.3 | Household secondary attack rate

Investigations that did not report a hSAR (n = 4), had a high risk of

bias (n = 13) or were conducted in highly vaccinated cohorts (n = 1)

were excluded from the main hSAR meta-analyses. In total, 18 investi-

gations were excluded from the primary meta-analysis.

Point estimates for the hSAR (n = 62) ranged from 2% to 90%

with a 95% prediction interval from 3% to 71% (Figure 2) and

I2 = 99.7%, suggesting substantial heterogeneity between included

investigations. The meta-analyses showed the heterogeneity between

investigations was not reduced when examining the subgroups of

interest (Tables 2 and S2)—including by income setting, predominant

circulating strain, testing protocol for household contacts and risk of

bias. In all analyses, hSAR estimates varied substantially, and I2 values

were >99%. Due to this large amount of heterogeneity, pooled esti-

mates of the hSAR are not reported. As a result of not producing any

pooled estimates, evaluation of bias due to small study effect and sen-

sitivity analysis to assess the effect of model choice were not carried

out (Appendix A).

Figures S5–S11 show the forest plots by pre-specified and post-

hoc subgroups (including adherence to the Unity protocol, duration of

follow-up and use of serology to ascertain secondary cases), and

Table S2 examines the secondary meta-analysis to assess the effect of

including high risk of bias investigations. All results indicate substantial

heterogeneity. Figure S4 shows a forest plot of hSAR estimates by

WHO region, which was not examined in a subgroup meta-analysis

due to correlation with income status.

Forest plots and meta-analysis of hSCAR are shown in

Figures S12–S14 and Table S3. As with the hSAR data, a high amount

T AB L E 1 (Continued)

Characteristic, median [IQR] or N (%)

All investigations included in

meta-analyses

N = 62

All investigations included in the

systematic review

N = 80

Prospective 44 (71.0%) 55 (68.8%)

Retrospective 17 (27.4%) 23 (28.8%)

Unclear 1 (1.6%) 2 (2.5%)

Strict adherence and alignment to the Unity Study protocolh

No 43 (69.4%) 58 (72.5%)

Yes 19 (30.6%) 22 (27.5%)

Duration of follow-up

14 days or less 47 (75.8%) 58 (72.5%)

Greater than 14 days 11 (17.7%) 14 (17.5%)

Unclear 4 (6.5%) 8 (10.0%)

Risk of bias in investigations reporting hSAR

Low 24 (38.7%) 25 (31.3%)

Moderate 38 (61.3%) 38 (47.5%)

High - 13 (16.3%)

N/A – hSAR not reported - 4 (5.0%)

Risk of bias in investigations reporting hSCAR

Low 21 (33.9%) 22 (27.5%)

Moderate 3 (4.8%) 11 (13.8%)

N/A – hSCAR not reported 38 (61.3%) 47 (58.8%)

Note: Median and interquartile range (IQR, 25–75th percentiles) is reported for numeric quantities, and number (%) is reported for categorical variables.
aInclude peer-reviewed literature and early results now available on Zenodo.2

bWHO Region20: AFR (Africa), AMR (Americas), EMR (Eastern Mediterranean), EUR (Europe), SEAR (South East Asia), WPR (Western Pacific).
cIncome status as reported by the World Bank in 2021.21

dInvolvement in the United Nations Office for the Coordination of Humanitarian Affairs (OCHA) Humanitarian Response Plan (HRP) for COVID-19.22

eCoVariants (CoVariants: SARS-CoV-2 Mutations and Variants of Interest. (GISAID https://www.gisaid.org/25 and https://covariants.org/26).
fhSAR (household secondary infection attack rate).
ghSCAR (household secondary clinical attack rate).
hArticles were defined based on strict adherence and alignment to the WHO Unity Studies HHTI protocol, including (i) testing of all contacts (vs. only

symptomatic), (ii) prospective data collection and (iii) specifically designed HH investigation (vs. FFX or surveillance data).
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of heterogeneity between investigations was evident, which was not

explained by any of the subgroups investigated. Consequently, pooled

estimates of hSCAR were not produced.

4 | DISCUSSION

This is the first systematic review and meta-analysis of standardised

FFX and HHTIs—aligned with the objectives and methods of the

WHO Unity Studies HHTI protocol—for SARS-CoV-2. We identified

80 investigations from 32 countries, 51% (41/80) of which were from

15 LMICs, showing that implementation was feasible in a range of set-

tings and in every WHO region. Although all investigations were

classified as aligned with the WHO Unity Studies protocol based on

the information provided, we found substantial heterogeneity in the

reported secondary attack rates (hSAR range: 2%–90%; 95% predic-

tion interval [PI]: 3%–71%; I2 = 99.7). As a result, reporting of pooled

estimates of hSAR or hSCAR was not deemed appropriate. Further

subgroup analyses were undertaken to understand this heterogeneity,

yet a similar extent of heterogeneity (I2 values were >99%) was still

observed—consequently, pooled estimates are not provided.

The high degree of heterogeneity and wide range of estimates in

reported hSAR is consistent with those of other recent systematic

reviews and meta-analyses: One study reported an I 2 value of 99.4%

with hSARs ranging from 0% to 74%,32 and another reported an I 2 of

97.4%, with hSARs ranging from 4% to 55%.33 Nevertheless, these

F I G UR E 2 Forest plot of the
household secondary infection attack
rates (hSAR) in included investigations
(n = 62), ordered from highest estimated
hSAR (top) to lowest estimated hSAR
(bottom). The hSAR and 95% confidence
intervals (CI) are shown on the right
margin
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reviews reported pooled hSAR estimates of 18.9% (95% CI: 16.2%–

22.0%),32 21.1% (95% CI: 17.4%–24.8%)28 and 18.1% (95% CI:

15.7%–20.6%).33

In the context of quantifying transmission, relevant potential

sources of heterogeneity include methodological differences such as

study design and definition of household, as well as differences in

study context, such as current public health and social measures

(PHSM), and population or individual behaviours. The I2 value esti-

mates the proportion of the variance in reported estimates that is due

to heterogeneity34 and should not be interpreted in isolation. When

conducting meta-analyses, sources of heterogeneity should be identi-

fied a priori and explored in subgroup analyses where sufficient data

have been reported.35 For example, Thompson28 identified a substan-

tial difference in household attack rates when considering the

reported duration of exposure between contact and case. This

emphasises the need to precisely report the study design, epidemic

context and household dynamics, to meaningfully quantify transmis-

sion. Where available, we extracted information on these potential

sources of heterogeneity; however, sufficient detail on all aspects of

the study design and implementation was not routinely or consistently

reported.

Visual inspection of the forest plots suggests potentially lower

hSAR in the Western Pacific Region (WPR) compared with other

regions (Figure S4). Most investigations conducted in the WPR were

conducted during the first half of 2020. Several countries in the WPR

enacted stringent PHSM and behavioural responses in early 2020,

which resulted in low SARS-CoV-2 circulation.32,36 Furthermore,

household size and structure (e.g., high-rise apartments and high-

vs. low-density households) varies between regions and urban–rural

localities, as well as socio-economic status of different subpopulations

which may all contribute to lower observed hSAR.37

The timing of each investigation must be considered in relation to

local epidemic activity and evolving PHSM when interpreting the

results reported in this meta-analysis (Figure S1); however, these

details were not sufficiently reported in included investigations. Most

included investigations (n = 48) were finalised in the first 6 months of

2020, likely during circulation of the ancestral virus and early SARS-

CoV-2 variants, that is, prior to the designation of Alpha and Delta as

Variants of Concern38 (Appendix A, Figure S1), which are known to

have increased transmissibility.39,40 Only six investigations in the sys-

tematic review were conducted during a period when Alpha and/or

Delta variants of concern were the dominant (or equally dominant)

T AB L E 2 Results from meta-analyses of household secondary infection attack rate (hSAR)

No. of investigations I2 bτ2 p value

Infection household secondary attack rate 62 99.7 1.190 <0.0001

Pre-specified subgroup analyses

Income statusa 62 99.6 1.188 <0.0001

High income 30

Low- and middle-income 32

Predominant circulating strainb 62 99.6 1.130 <0.0001

Other strain 58

Variant of concern 4

Testing protocol for household contacts 54 99.4 1.174 <0.0001

Testing of all contacts 46

Testing of symptomatic contacts 8

Post-hoc subgroup analyses

Strict adherence and alignment to the WHO Unity

Studies protocol

54 99.5 0.797 <0.0001

Aligned 43

Not aligned 19

Duration of follow-up of household contacts 58 99.6 1.005 <0.0001

14 days or less 47

Greater than 14 days 11

Laboratory diagnosis method 54 99.3 1.030 <0.0001

RT-PCR only 42

RT-PCR and serology 12

Note: I 2 and bτ2 are presented for each model to indicate the percentage of variation across investigations attributable to heterogeneity and the estimated

between-investigation variance, respectively. The p value from the χ2 test for heterogeneity is also presented.
aIncome status as reported by the World Bank in 2021.21

bCoVariants (CoVariants: SARS-CoV-2 Mutations and Variants of Interest. (GISAID https://www.gisaid.org/25 and https://covariants.org/26).
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circulating strains.25,26 Among the six studies conducted after the des-

ignation of Alpha and Delta, two were excluded from the meta-

analysis and three were conducted in the same country—providing

insufficient representation for a subgroup analysis.

The frequency and type of specimen collection, as well as the

duration of follow-up and laboratory methods employed, can influ-

ence the hSAR estimate. In our review, we observed high variability in

the laboratory methods used to ascertain secondary cases, including

the use of RT-PCR, serology or both. However, we found no differ-

ence in observed variability in post-hoc subgroup analyses. We also

explored heterogeneity in hSAR estimates by duration of follow-up

and whether all household contacts were tested to determine the

influence of these study design aspects. Both of these analyses

showed high variability across investigations. In addition, some inves-

tigations did not exclude non-susceptible individuals who tested posi-

tive by serology at baseline which may underestimate hSAR, although

this information was inconsistently reported across investigations.

To assess the methodological quality of HHTIs, previous reviews

adapted existing appraisal tools18,19—however, these tools are limited

as they were not designed for this purpose. We conducted a robust

and thorough assessment of the methodological quality of investiga-

tions using a bespoke quality assessment tool for HHTIs which

allowed for a more targeted critical appraisal and better understanding

of strengths and limitations of HHTIs.17 We only included investiga-

tions with a low or moderate risk of bias in our primary meta-analysis

(n = 62) and subsequently only those aligned with the objectives of

the WHO Unity Studies HHTI protocol. It also allowed us to carefully

consider the appropriateness of pooling data across investigations

that were conducted in different resource settings and environments,

using different protocols and with differing internal and external

validity.

The use of a bespoke tool for methodological quality assessment

does not guarantee that the intricacies of HHTI designs are fully cap-

tured, particularly where insufficient details are reported. We

acknowledge that tailoring of the HHTI protocol according to cultural

norms (e.g., household definition), capacity (e.g., laboratory testing,

degree of follow-up) and context (e.g., PHSM, local incidence and

quarantine practices) may be required, increasing the true variance

observed across investigations. As a result, unclear reporting may

have inflated the heterogeneity in our review due to inappropriate

inclusion or exclusion of some investigations.

Of the 76 investigations that reported a hSAR, 13 were assessed

to be at high risk of bias and subsequently excluded from the primary

analyses. The assessment of methodological quality was strongly

influenced by a range of factors, including unclear or broad definition

of household or household contacts (e.g., those that included more

than residential contacts); unclear, unsuitable or incomplete laboratory

and follow-up methods in HHTIs (e.g., symptom-based testing); and

management of index cases that reduced exposure of household con-

tacts to index cases (e.g., isolating index cases either within or outside

the household).

Although the above methodological and contextual factors were

deemed plausible sources of heterogeneity, none could explain a

substantial amount of the variance in reported hSARs. This demon-

strates the necessity for high-quality, standardised investigations and

clear and comprehensive reporting of study design and household

dynamics, to meaningfully quantify transmission. Further, in the pres-

ence of substantial contextual differences, we question the suitability

of providing single pooled estimates of such pathogen characteristics.

The first step in any meta-analysis is to consider whether the studies

are all estimating the same quantity, and whether they should be

pooled. Here, we have identified various sources of heterogeneity

across settings which suggests they should not be pooled. While cur-

rent reporting practices do not allow us to interrogate these heteroge-

neities further, future investigations based on consistent reporting

guidelines may allow for more nuanced analyses where results can be

pooled at an appropriate scale. In contrast, within a given country set-

ting, many of the identified sources of heterogeneity are likely to be

consistent across investigations (e.g., household structure) or of suffi-

cient relevance to the interpretation that they should be reported

alongside investigations repeated over time (e.g., prior infection or

vaccination histories). In these cases, sequential hSAR estimates from

the same population over time can provide crucial insight into vaccine

program impacts and key characteristics of a novel pathogen

(e.g., changes in transmissibility of SARS-CoV-2 variants) to help guide

both national41 and international42,43 pandemic response and pre-

paredness efforts.

While HHTIs from LMICs are underrepresented in the literature,

this review included results from 41 investigations, of which 11 (27%)

were shared by WHO Unity Studies collaborators at the end of

February 2022 prior to peer review or pre-print publication. Such data

would not typically be available for inclusion in a systematic review

and meta-analysis. Enabled by the Unity Studies, the inclusion of

these LMIC results increases the global representativeness of our

review. This experience highlights the importance of open data prac-

tices and sharing early aggregate results for the collation and analysis

of timely data, particularly during public health emergencies.44As vac-

cination coverage increases across the globe in high and upper-middle

income countries, monitoring the transmission dynamics of COVID-

19 in LMIC settings, where vaccination coverage is often still low, will

be critical to overcome the pandemic.45

Our search strategy was highly sensitive and robust. We used

broad search terms and language inclusion to capture as many rele-

vant investigations as possible. However, we may have missed rele-

vant investigations as we did not screen the reference lists of

included investigations or other systematic reviews of hSAR. A further

strength of this systematic review is that we attempted to clarify or

confirm unclear or poorly reported items and contacted study investi-

gators to request additional information.

In the future, we recommend focusing on the design of country-

specific pre-planned (“at the ready”) standardised FFX and HHTIs

with quality implementation by multi-disciplinary teams, preferably

piloted in the field through “peace time”’ exercises. These studies

should be conducted in representative settings with available capacity

or through collaborations to develop local capacity where it is other-

wise limited. This coordinated approach would maximise opportunity
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to rapidly enact FFX and HHTIs during the early stages of the emer-

gence of novel pathogens, especially respiratory viruses of pandemic

potential like influenza and coronaviruses, allowing early characterisa-

tion of transmissibility and infection-severity to inform public health

responses.46 Specific consideration should be given to prior ethics

approval, governance, data collection methods and infrastructure and

resource requirements in advance of activation during a public health

emergency.47 In addition to common protocols, tools to assist quality

implementation (e.g., standard operating procedures for sample collec-

tion and publicly available data analysis scripts) and dissemination of

results (e.g., scientific writing skill development) are required. Further-

more, although short-term assistance can support ad hoc investiga-

tions when required, initiatives to build and strengthen surveillance

and laboratory capacity in LMICs—such as the WHO’s Pandemic Influ-

enza Preparedness Framework—are a much more sustainable

approach.48,49 Through long-term investment and development,

LMICs can enhance surveillance and implement the operational

research required to monitor co-circulating influenza and SARS-

CoV-2 viruses in near-real-time and detect the emergence of novel

respiratory viruses of pandemic potential. In-country capacity building

should be prioritised to ensure fit-for-purpose analytic methods for

producing robust statistical inferences are implemented, such as those

developed specifically for analysing household infection dynamics.50

We further recommend development of HHTI-specific guidelines and

checklists for reporting, such as those developed for clinical trials51 or

observational studies52,53 and those introduced in the HHTI critical

appraisal tool.17

5 | CONCLUSION

As the COVID-19 pandemic progresses, FFX and HHTIs remain a

critical tool to monitor population immunity to, and transmission

dynamics and infection-severity of SARS-CoV-2, including the emer-

gence of new genetic variants. These data are crucial to inform the

ongoing response in different resource settings. Indeed, such esti-

mates are key for regional and global modelling and forecasting to

inform optimal application of PHSM and allocate pandemic

resources including COVID-19 vaccines. The large and unexplained

variance in hSAR estimates indicates the need for improved stand-

ardisation in the planning, conduct and analysis of HHTIs. Greater

emphasis on clear and comprehensive reporting of HHTIs, and the

context in which they are conducted, is required to facilitate more

nuanced analysis of the sources of heterogeneity. High-quality FFX

and HHTIs should continue to be conducted, ideally within a

standardised framework such as the WHO Unity Studies initiative,

and be supported to guide evidence-based pandemic preparedness

and response efforts for SARS-CoV-2, influenza and future novel

respiratory viruses.

ACKNOWLEDGEMENTS

Thank you to Miu-Ling Wong, Hong Kong University, for her assis-

tance with translation of articles in Mandarin.

We thank colleagues and partners: Vincent Richard, Michelle

Sloan, Mike Ryan, Ketevan Glonti, Aisling Vaughan, Arash Rashidian,

Bintou Konate, Temuulen Enebish, Ariuntuya Ochirpurev, Tony

Wurda, Johson Muki, Yona Kenyi Manoah, Manuela Alphose Juma,

Suzy Agrey Abas, Musah Kwaku Bukaru, Adamu Tayachew, Negussie

Yohannes, Zewdu Assefa, Mengistu Biru, Musa Emmanuel, Margaret

Mburu, Jayne Lewis-Kulzer, Pamela Murnane, Rachael Joseph,

Elizabeth Oele, John Ndyahikayo, Ayesheshem A Tegegne, Arash

Rashidian, Anna Solastie, Anu Haveri, Niina Ikonen, Lotta Hagberg,

Oona Liedes, Mia Blazevic, Anes Joguncic, Faris Dizdar, Palo Mirza,

Franklyn E Prieto-Alvarado, Ruth C Figueroa-Baez, Susanne C Ardila-

Roldan, Mohammad Ahmad, Anisur Rahman, Shivani Rao, Mongjam

Meghachandra Singh, Saurav Basu, Vikas Manchanda, Rohit Chawla,

Faheem Ahmed, Mridu Dudeja, Farishta HD Singh, Iqbal Alam,

Sushovan Roy, Ekta Gupta, Anil Kumar, Neethu Mohan, Soumya

Gopakumar, Geetha Raveendranath, Deshni Jayathikala, Inoka S

Aberathna, Saubhagya Danasekara, Buddini Gunathilake, Ruwan

Wijayamuni, Ambaselmaa Amarjarga, Bilegt Altangerel, Oyunsuren

Enebish and Rila Ratovoson.

We would especially like to thank all WHO Unity Studies Collabo-

rators who are recognised on a dedicated webpage on the Unity Stud-

ies WHO website.1 Also, those individuals who supported, conducted

or participated in each of the studies in all the countries who

embarked in this global response effort to COVID-19.

The authors alone are responsible for the views expressed in this

article, and they do not necessarily represent the views, decisions or

policies of the institutions with which they are affiliated.

This work was supported by WHO through funding from the

WHO COVID-19 Solidarity Response Fund and the German Federal

Ministry of Health COVID-19 Research and Development.

AUTHOR CONTRIBUTIONS

Hannah Lewis: Conceptualization; data curation; investigation;

methodology. Adrian Marcato: Data curation; formal analysis; investi-

gation; methodology. Niamh Meagher: Data curation; formal analysis;

investigation; methodology. Marta Valenciano: Conceptualization;

investigation; methodology. Juan-Pablo Villanueva-Cabezas: Data

curation; formal analysis; investigation; methodology. Violeta Spi-

rkoska: Data curation; formal analysis; investigation; methodology.

James Fielding: Data curation; formal analysis; investigation. Amalia

Karahalios: Formal analysis; methodology. Lorenzo Subissi: Investiga-

tion. Anthony Nardone: Investigation. Brianna Cheng: Data curation;

investigation; resources. Soatiana Rajatonirina: Data curation; investi-

gation; project administration; supervision. Joseph Okeibunor: Inves-

tigation; project administration; resources; supervision. Eman Aly:

Data curation; project administration. Amal Barakat: Investigation;

project administration; resources. Pernille Jorgensen: Investigation;

project administration. Tasnim Azim: Investigation; supervision.

Pushpa Wijesinghe: Data curation; project administration; supervi-

sion. Linh-Vi Le: Investigation; project administration; resources;

supervision. Angel Rodriguez: Investigation; resources; supervision.

Andrea Vicari: Investigation; resources; supervision. Maria van

Kerkhove: Conceptualization; funding acquisition; methodology. Jodie

LEWIS ET AL. 813



McVernon: Methodology; supervision. Richard Pebody: Conceptuali-

zation; methodology; resources; supervision. David Price: Data

curation; formal analysis; investigation; methodology; software; super-

vision. Isabel Bergeri: Conceptualization; funding acquisition; investi-

gation; methodology; project administration; resources; supervision.

Unity Studies Collaborator Group: Investigation.

PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1111/irv.13002.

DATA AVAILABILITY STATEMENT

The data extraction template, data extraction forms, data used for

analysis and that support the findings of this study, and the analysis

code, are openly available in Zenodo, in the WHO Unity Studies

Global SARS-CoV-2 Seroepidemiological Investigations community,

at https://zenodo.org/communities/unity-sero-2021/?page=1&size=

20.2 Detailed information and references for each study are available

in the supporting information.

AFFILIATIONS
1World Health Organization, Geneva, Switzerland
2World Health Organization, Regional Office for Africa, Brazzaville,

Republic of Congo
3Department of Infectious Diseases, The University of Melbourne, at

the Peter Doherty Institute for Infection and Immunity, Melbourne,

Australia
4Centre for Epidemiology and Biostatistics, Melbourne School of

Population and Global Health, The University of Melbourne,

Melbourne, Australia
5Epiconcept, Paris, France
6The Nossal Institute for Global Health, The University of Melbourne,

Melbourne, Australia
7Victorian Infectious Diseases Reference Laboratory, Royal

Melbourne Hospital, at the Peter Doherty Institute for Infection and

Immunity, Melbourne, Australia
8School of Population and Global Health, McGill University, Montreal,

Quebec, Canada
9World Health Organization, Regional Office for the Eastern

Mediterranean, Cairo, Egypt
10World Health Organization Regional Office for Europe,

Copenhagen, Denmark
11World Health Organization, Regional Office for South-East Asia,

New Delhi, India
12World Health Organization, Regional Office for the Western Pacific,

Manila, Philippines
13World Health Organization, Regional Office for the Americas (Pan

American Health Organization), Washington, DC, USA
14Murdoch Children’s Research Institute, Melbourne, Australia
15Ethiopian Public Health Institute, Addis Ababa, Ethiopia
16Department of Community Medicine, Hamdard Institute of Medical

Sciences and Research, New Delhi, India
17Kenya Medical Research Institute, Nairobi, Kenya

18School of Public Health, Mongolian National University of Medical

Sciences, Ulaanbaatar, Mongolia
19Department of Microbiology, Hamdard Institute of Medical Science

and Research, New Delhi, India
20Hakeem Abdul Hameed Centenary Hospital, New Delhi, India
21Department of Health Security, Finnish Institute for Health and

Welfare, Helsinki, Finland
22WHO Country Office, Juba, South Sudan
23World Health Organization Country Office, Addis Ababa, Ethiopia
24National Institute of Health, Bogotá, Colombia
25Colombo Municipality Council, Colombo, Sri Lanka
26Institut Pasteur de Madagascar, Antananarivo, Madagascar
27U.S. Centers for Disease Control and Prevention, Nairobi, Kenya
28Hamdard Institute of Medical Sciences and Research (HIMSR), New

Delhi, India
29Allergy Immunology and Cell Biology Unit, Department of

Immunology and Molecular Medicine, Faculty of Medical Sciences,

University of Sri Jayewardenepura, Nugegoda, Sri Lanka
30Centre for Community Medicine, All India Institute of Medical

Sciences, New Delhi, India
31Ministry of Health, Juba, South Sudan
32Faculty of Medical Sciences, University of Sri Jayawardenapura,

Nugegoda, Sri Lanka
33Mongolian National University of Medical Sciences, Ulaanbaatar,

Mongolia
34Department of Community Medicine, Maulana Azad Medical

College, New Delhi, India
35National Center for Communicable Diseases, Ulaanbaatar, Mongolia
36Institute for Public Health of the Federation of Bosnia and

Herzegovina, Sarajevo, Bosnia and Herzegovina
37Sarajevo School of Science and Technology, Sarajevo, Bosnia and

Herzegovina
38Centre Hospitalier Universitaire Joseph Raseta Befelatanana,

Antananarivo, Madagascar
39Centers for Disease Control and Prevention, Juba, South Sudan
40Department of Microbiology, Maulana Azad Medical College, New

Delhi, India
41Department of Community Medicine, Amrita Institute of Medical

Sciences, Kochi, Kerala, India
42Kerala University of Health Sciences, Kerala, India
43Government Medical College, Thiruvananthapuram, Kerala, India
44Nyanja Health Research Institute, Salima, Malawi
45Regional Prevention of Epidemic and Infectious Disease Cell,

Government of Kerala, Kerala, India

ORCID

Hannah C. Lewis https://orcid.org/0000-0002-1925-3943

Adrian J. Marcato https://orcid.org/0000-0001-5951-6886

Niamh Meagher https://orcid.org/0000-0001-5324-8307

Marta Valenciano https://orcid.org/0000-0002-2056-1062

Juan-Pablo Villanueva-Cabezas https://orcid.org/0000-0002-8575-

9141

Violeta Spirkoska https://orcid.org/0000-0002-0600-4569

814 LEWIS ET AL.

https://publons.com/publon/10.1111/irv.13002
https://publons.com/publon/10.1111/irv.13002
https://zenodo.org/communities/unity-sero-2021/?page=1&size=20
https://zenodo.org/communities/unity-sero-2021/?page=1&size=20
https://orcid.org/0000-0002-1925-3943
https://orcid.org/0000-0002-1925-3943
https://orcid.org/0000-0001-5951-6886
https://orcid.org/0000-0001-5951-6886
https://orcid.org/0000-0001-5324-8307
https://orcid.org/0000-0001-5324-8307
https://orcid.org/0000-0002-2056-1062
https://orcid.org/0000-0002-2056-1062
https://orcid.org/0000-0002-8575-9141
https://orcid.org/0000-0002-8575-9141
https://orcid.org/0000-0002-8575-9141
https://orcid.org/0000-0002-0600-4569
https://orcid.org/0000-0002-0600-4569


James E. Fielding https://orcid.org/0000-0003-2995-9576

Amalia Karahalios https://orcid.org/0000-0002-7497-1681

Lorenzo Subissi https://orcid.org/0000-0001-5147-575X

Anthony Nardone https://orcid.org/0000-0003-1138-0937

Brianna Cheng https://orcid.org/0000-0003-2004-2251

Soatiana Rajatonirina https://orcid.org/0000-0002-5869-5090

Joseph Okeibunor https://orcid.org/0000-0002-6696-8503

Eman A. Aly https://orcid.org/0000-0002-4603-3911

Amal Barakat https://orcid.org/0000-0002-9446-3035

Pernille Jorgensen https://orcid.org/0000-0001-5967-0998

Tasnim Azim https://orcid.org/0000-0003-4127-5871

Pushpa R. Wijesinghe https://orcid.org/0000-0002-7875-0165

Linh-Vi Le https://orcid.org/0000-0002-5816-7589

Angel Rodriguez https://orcid.org/0000-0002-0061-7567

Andrea Vicari https://orcid.org/0000-0001-5528-2517

Maria D. Van Kerkhove https://orcid.org/0000-0002-6135-0018

Jodie McVernon https://orcid.org/0000-0001-9774-1961

Richard Pebody https://orcid.org/0000-0002-9069-2885

David J. Price https://orcid.org/0000-0003-0076-3123

Isabel Bergeri https://orcid.org/0000-0002-1204-1753

REFERENCES

1. World Health Organization. Acknowledgements: The Unity Studies

for sero-epidemiological investigation of COVID-19. March

30, 2022. Accessed March 30, 2022. https://www.who.int/

publications/m/item/acknowledgements-the-unity-studies-for-sero-

epidemiological-investigation-of-covid-19

2. Zenodo. WHO Unity Global SARS-CoV-2 Seroepidemiological Inves-

tigations. February 16, 2022. https://zenodo.org/communities/

unity-sero-2021/?page=1&size=20
3. World Health Organization. WHO Director-General’s opening

remarks at the media briefing on COVID-19-11 March 2020.

December 6, 2021. Accessed December 6, 2021. https://www.who.

int/director-general/speeches/detail/who-director-general-s-

opening-remarks-at-the-media-briefing-on-covid-19—11-march-

2020
4. Leclerc QJ, Fuller NM, Knight LE, Group CC-W, Funk S, Knight GM.

What settings have been linked to SARS-CoV-2 transmission

clusters? Wellcome Open Res. 2020;5:83. doi:10.12688/

wellcomeopenres.15889.2
5. Lau LLH, Nishiura H, Kelly H, Ip DKM, Leung GM, Cowling BJ.

Household transmission of 2009 Pandemic Influenza A (H1N1): A

systematic review and meta-analysis. Epidemiology. 2012;23(4):531-

542. doi:10.1097/EDE.0b013e31825588b8
6. World Health Organization. Final report of the IHR Review Commit-

tee (as presented to 64th WHA). March 4, 2022. https://www.who.

int/teams/ihr/ihr-review-committees/h1n1
7. Van Kerkhove MD, Broberg E, Engelhardt OG, Wood J, Nicoll A. The

consortium for the standardization of influenza seroepidemiology

(CONSISE): a global partnership to standardize influenza

seroepidemiology and develop influenza investigation protocols to

inform public health policy. Influenza Other Respi Viruses. May 2013;

7(3):231-234. doi:10.1111/irv.12068

8. World Health Organization. Pandemic Influenza Special Investiga-

tions and Studies (IPSS). March 4, 2022. https://www.who.int/

influenza/surveillance_monitoring/influenza_pandemic_special_

investigations/en/

9. World Health Organization. Middle East respiratory syndrome coro-

navirus (MERS-CoV) guidelines: investigation tools. March 24, 2022.

Accessed March 24, 2022. https://www.who.int/health-topics/

middle-east-respiratory-syndrome-coronavirus-mers#tab=tab_1

10. World Health Organization. Coronavirus disease (COVID-19) techni-

cal guidance: The Unity Studies: Early Investigation Protocols

December 6, 2021. Accessed December 6, 2021. https://www.who.

int/emergencies/diseases/novel-coronavirus-2019/technical-

guidance/early-investigations

11. World Health Organization. The first few X cases and contacts (FFX)

investigation protocol for coronavirus disease 2019 (COVID-19), ver-

sion 2.2. December 6, 2021. Accessed December 6, 2021. https://

www.who.int/publications/i/item/the-first-few-x-cases-and-

contacts-(-ffx)-investigation-protocol-for-coronavirus-disease-

2019-(-covid-19)-version-2.2

12. World Health Organization. Household transmission investigation

protocol for 2019-novel coronavirus (COVID-19) infection), version

2.2. December 6, 2021. Accessed December 6, 2021. https://www.

who.int/publications/i/item/thefirst-few-x-cases-and-contacts-(-

ffx)-investigation-protocol-for-https://www.who.int/publications/i/

item/householdtransmission-investigation-protocol-for-2019-novel-

coronavirus-(2019-ncov)-infection

13. Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 state-

ment: an updated guideline for reporting systematic reviews. BMJ.

2021;372:n71. doi:10.1136/bmj.n71

14. United Nations. UN Data glossary–household. December 6, 2021.

Accessed December 6, 2021. http://data.un.org/Glossary.aspx?q=

household

15. Liu Y, Eggo RM, Kucharski AJ. Secondary attack rate and super-

spreading events for SARS-CoV-2. The Lancet. 2020;395(10227):e47

doi:10.1016/S0140-6736(20)30462-1

16. Covidence systematic review software VHI, Melbourne, Australia.

www.covidence.org

17. Villanueva-Cabezas J, Spirkoska V, Marcato AJ, et al. Household

transmission investigation: design, reporting and critical appraisal.

MetaArXiv December 30, 2021. osf.io/preprints/metaarxiv/mrf6d

18. Wells G SB, OConnell D, et al. The Newcastle-Ottawa Scale (NOS)

for assessing the quality of 25 nonrandomised studies in meta-ana-

lyses. March 4, 2022. http://www.ohri.ca/programs/clinical_

epidemiology/oxford.asp

19. Institute JBs. March 4, 2022. https://jbi.global/critical-appraisal-

tools

20. World Health Organization. Countries. February 16, 2022. https://

www.who.int/countries

21. The World Bank. World Bank country and lending groups. December

6, 2021. Accessed December 6, 2021. https://datahelpdesk.

worldbank.org/knowledgebase/articles/906519-world-bank-

country-and-lending-groups

22. United Nations Office for the Coordination of Humanitarian Affairs

(OCHA). Global humanitarian response plan for COVID-19. February

23, 2022. https://www.unocha.org/sites/unocha/files/GHRP-

COVID19_July_update.pdf

23. Higgins JP, Thompson SG. Quantifying heterogeneity in a meta-anal-

ysis. Stat Med. 2002; 21(11):1539-1558. doi:10.1002/sim.1186

24. Stijnen T, Hamza TH, Özdemir P. Random effects meta-analysis of

event outcome in the framework of the generalized linear mixed

model with applications in sparse data. Stat Med. 2010;29(29):3046-

3067. doi:10.1002/sim.4040

25. GISAID. https://www.gisaid.org/

26. CoVariants. Overview of variants in countries. February 23, 2022.

https://covariants.org/per-country

27. Egger M, Smith GD, Schneider M, Minder C. Bias in meta-analysis

detected by a simple, graphical test. BMJ. 1997;315(7109):629-634.

doi:10.1136/bmj.315.7109.629

28. Thompson HA, Mousa A, Dighe A, et al. Severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2) setting-specific transmission

LEWIS ET AL. 815

https://orcid.org/0000-0003-2995-9576
https://orcid.org/0000-0003-2995-9576
https://orcid.org/0000-0002-7497-1681
https://orcid.org/0000-0002-7497-1681
https://orcid.org/0000-0001-5147-575X
https://orcid.org/0000-0001-5147-575X
https://orcid.org/0000-0003-1138-0937
https://orcid.org/0000-0003-1138-0937
https://orcid.org/0000-0003-2004-2251
https://orcid.org/0000-0003-2004-2251
https://orcid.org/0000-0002-5869-5090
https://orcid.org/0000-0002-5869-5090
https://orcid.org/0000-0002-6696-8503
https://orcid.org/0000-0002-6696-8503
https://orcid.org/0000-0002-4603-3911
https://orcid.org/0000-0002-4603-3911
https://orcid.org/0000-0002-9446-3035
https://orcid.org/0000-0002-9446-3035
https://orcid.org/0000-0001-5967-0998
https://orcid.org/0000-0001-5967-0998
https://orcid.org/0000-0003-4127-5871
https://orcid.org/0000-0003-4127-5871
https://orcid.org/0000-0002-7875-0165
https://orcid.org/0000-0002-7875-0165
https://orcid.org/0000-0002-5816-7589
https://orcid.org/0000-0002-5816-7589
https://orcid.org/0000-0002-0061-7567
https://orcid.org/0000-0002-0061-7567
https://orcid.org/0000-0001-5528-2517
https://orcid.org/0000-0001-5528-2517
https://orcid.org/0000-0002-6135-0018
https://orcid.org/0000-0002-6135-0018
https://orcid.org/0000-0001-9774-1961
https://orcid.org/0000-0001-9774-1961
https://orcid.org/0000-0002-9069-2885
https://orcid.org/0000-0002-9069-2885
https://orcid.org/0000-0003-0076-3123
https://orcid.org/0000-0003-0076-3123
https://orcid.org/0000-0002-1204-1753
https://orcid.org/0000-0002-1204-1753
https://www.who.int/publications/m/item/acknowledgements-the-unity-studies-for-sero-epidemiological-investigation-of-covid-19
https://www.who.int/publications/m/item/acknowledgements-the-unity-studies-for-sero-epidemiological-investigation-of-covid-19
https://www.who.int/publications/m/item/acknowledgements-the-unity-studies-for-sero-epidemiological-investigation-of-covid-19
https://zenodo.org/communities/unity-sero-2021/?page=1&size=20
https://zenodo.org/communities/unity-sero-2021/?page=1&size=20
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
info:doi/10.12688/wellcomeopenres.15889.2
info:doi/10.12688/wellcomeopenres.15889.2
info:doi/10.1097/EDE.0b013e31825588b8
https://www.who.int/teams/ihr/ihr-review-committees/h1n1
https://www.who.int/teams/ihr/ihr-review-committees/h1n1
info:doi/10.1111/irv.12068
https://www.who.int/influenza/surveillance_monitoring/influenza_pandemic_special_investigations/en/
https://www.who.int/influenza/surveillance_monitoring/influenza_pandemic_special_investigations/en/
https://www.who.int/influenza/surveillance_monitoring/influenza_pandemic_special_investigations/en/
https://www.who.int/health-topics/middle-east-respiratory-syndrome-coronavirus-mers#tab=tab_1
https://www.who.int/health-topics/middle-east-respiratory-syndrome-coronavirus-mers#tab=tab_1
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/early-investigations
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/early-investigations
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/early-investigations
https://www.who.int/publications/i/item/the-first-few-x-cases-and-contacts-(-ffx)-investigation-protocol-for-coronavirus-disease-2019-(-covid-19)-version-2.2
https://www.who.int/publications/i/item/the-first-few-x-cases-and-contacts-(-ffx)-investigation-protocol-for-coronavirus-disease-2019-(-covid-19)-version-2.2
https://www.who.int/publications/i/item/the-first-few-x-cases-and-contacts-(-ffx)-investigation-protocol-for-coronavirus-disease-2019-(-covid-19)-version-2.2
https://www.who.int/publications/i/item/the-first-few-x-cases-and-contacts-(-ffx)-investigation-protocol-for-coronavirus-disease-2019-(-covid-19)-version-2.2
https://www.who.int/publications/i/item/thefirst-few-x-cases-and-contacts-(-ffx)-investigation-protocol-for-https://www.who.int/publications/i/item/householdtransmission-investigation-protocol-for-2019-novel-coronavirus-(2019-ncov)-infection
https://www.who.int/publications/i/item/thefirst-few-x-cases-and-contacts-(-ffx)-investigation-protocol-for-https://www.who.int/publications/i/item/householdtransmission-investigation-protocol-for-2019-novel-coronavirus-(2019-ncov)-infection
https://www.who.int/publications/i/item/thefirst-few-x-cases-and-contacts-(-ffx)-investigation-protocol-for-https://www.who.int/publications/i/item/householdtransmission-investigation-protocol-for-2019-novel-coronavirus-(2019-ncov)-infection
https://www.who.int/publications/i/item/thefirst-few-x-cases-and-contacts-(-ffx)-investigation-protocol-for-https://www.who.int/publications/i/item/householdtransmission-investigation-protocol-for-2019-novel-coronavirus-(2019-ncov)-infection
https://www.who.int/publications/i/item/thefirst-few-x-cases-and-contacts-(-ffx)-investigation-protocol-for-https://www.who.int/publications/i/item/householdtransmission-investigation-protocol-for-2019-novel-coronavirus-(2019-ncov)-infection
info:doi/10.1136/bmj.n71
http://data.un.org/Glossary.aspx?q=household
http://data.un.org/Glossary.aspx?q=household
info:doi/10.1016/S0140-6736(20)30462-1
http://www.covidence.org
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
http://www.ohri.ca/programs/clinical_epidemiology/oxford.asp
https://jbi.global/critical-appraisal-tools
https://jbi.global/critical-appraisal-tools
https://www.who.int/countries
https://www.who.int/countries
https://datahelpdesk.worldbank.org/knowledgebase/articles/906519-world-bank-country-and-lending-groups
https://datahelpdesk.worldbank.org/knowledgebase/articles/906519-world-bank-country-and-lending-groups
https://datahelpdesk.worldbank.org/knowledgebase/articles/906519-world-bank-country-and-lending-groups
https://www.unocha.org/sites/unocha/files/GHRP-COVID19_July_update.pdf
https://www.unocha.org/sites/unocha/files/GHRP-COVID19_July_update.pdf
info:doi/10.1002/sim.1186
info:doi/10.1002/sim.4040
https://www.gisaid.org/
https://covariants.org/per-country
info:doi/10.1136/bmj.315.7109.629


rates: a systematic review and meta-analysis. Clin Infect Dis. Aug

2, 2021;73(3):e754-e764. doi:10.1093/cid/ciab100

29. StataCorp. Stata Statistical Software: Release 16. College Station, TX:

StataCorp LLC; 2019.

30. R Core Team. R: A Language and Environment for Statistical Comput-

ing. R Foundation for Statistical Computing, Vienna, Austria. https://

www.R-project.org/

31. Viechtbauer W. Conducting meta-analyses in R with the metafor

package. J Stat Softw. 2010;36(3): doi:10.18637/jss.v036.i03

32. Madewell ZJ, Yang Y, Longini IM Jr, Halloran ME, Dean NE. Factors

associated with household transmission of SARS-CoV-2: an updated

systematic review and meta-analysis. JAMA Netw Open. 2021;4(8):

e2122240. doi:10.1001/jamanetworkopen.2021.22240

33. Koh WC, Naing L, Chaw L, et al. What do we know about SARS-

CoV-2 transmission? A systematic review and meta-analysis of the

secondary attack rate and associated risk factors. PloS One. 2020;

15(10):e0240205. doi:10.1371/journal.pone.0240205

34. von Hippel PT. The heterogeneity statistic I2 can be biased in small

meta-analyses. BMC Med Res Methodol. 2015;15(1):1-8. doi:10.

1186/s12874-015-0024-z

35. Deeks J, Higgins JPT, Altman D. Chapter 10: analysing data and

undertaking meta-analysesjCochrane Training. In: Cochrane Hand-

book for Systematic Reviews of Interventions. Vol. 6, 2021.

36. Fitzgerald DA, Wong GWK. COVID-19: a tale of two pandemics

across the Asia Pacific region. Paediatr Respir Rev. 2020;35:75-80.

doi:10.1016/j.prrv.2020.06.018

37. Ghosh AK, Venkatraman S, Soroka O, et al. Association between

overcrowded households, multigenerational households, and

COVID-19: a cohort study. Public Health. 2021;198:273-279. doi:10.

1016/j.puhe.2021.07.039

38. World Health Organization. Tracking SARS-CoV-2 variants.

December 6, 2021. Accessed December 6, 2021. https://www.who.

int/en/activities/tracking-SARS-CoV-2-variants/

39. Davies NG, Abbott S, Barnard RC, et al. Estimated transmissibility

and impact of SARS-CoV-2 lineage B. 1.1. 7 in England. Science.

2021;372(6538):eabg3055. doi:10.1126/science.abg3055

40. Keeling MJ. Estimating the transmission advantage for b. 1.617. 2.

2021.

41. Public Health England. SARS-CoV-2 variants of concern and variants

under investigation in England - Technical briefing 17. 2021.

Accessed March 28, 2022. https://assets.publishing.service.gov.uk/

government/uploads/system/uploads/attachment_data/file/

1001354/Variants_of_Concern_VOC_Technical_Briefing_17.pdf

42. Golding N, Shearer FM, Moss R, et al. Situational assessment of

COVID-19 in Australia Technical Report 15 March 2021. 2021.

Accessed March 28, 2022. https://www.doherty.edu.au/uploads/

content_doc/Technical_Report_15_March_2021_RELEASED_

VERSION.pdf

43. World Health Organization. Updated WHO SAGE Roadmap for pri-

oritizing uses of COVID-19 vaccines. April 12, 2022. https://www.

who.int/news/item/21-01-2022-updated-who-sage-roadmap-for-

prioritizing-uses-of-covid-19-vaccines

44. Dye C, Bartolomeos K, Moorthy V, Kieny MP. Data sharing in public

health emergencies: a call to researchers. Bull World Health Organ.

Mar 1 2016;94(3):158. doi:10.2471/blt.16.170860

45. World Health Organization. WHO Coronavirus (COVID-19) Dash-

board. January 4, 2022. Accessed January 4, 2022.

46. Shearer FM, Moss R, Price DJ, et al. Development of an influenza

pandemic decision support tool linking situational analytics to

national response policy. Epidemics. 2021/09/01/2021;36:100478

doi:10.1016/j.epidem.2021.100478

47. Marcato AJ, Fielding JE, Crooks K, et al. The ongoing value of first

few X studies for COVID-19 in the Western Pacific Region. Western

Pac Surveill Response. 2022;13(1):1-3. doi:10.5365/wpsar.2022.13.

1.873

48. Bergeri I, Lewis HC, Subissi L, et al. Early epidemiological investiga-

tions: World Health Organization UNITY protocols provide a stan-

dardized and timely international investigation framework during the

COVID-19 pandemic. Influenza Other Respi Viruses. 2022;16(1):7-13.

doi:10.1111/irv.12915

49. World Health Organization. Pandemic influenza preparedness frame-

work for the sharing of influenza viruses and access to vaccines and

other benefits, 2nd edition. 2021.

50. Black AJ, Geard N, McCaw JM, McVernon J, Ross JV. Characterising

pandemic severity and transmissibility from data collected during

first few hundred studies. Epidemics. Jun 2017;19:61-73. doi:10.

1016/j.epidem.2017.01.004

51. Schulz KF, Altman DG, Moher D. CONSORT 2010 statement:

updated guidelines for reporting parallel group randomized trials.

Ann Intern Med. Jun 1 2010;152(11):726-732. doi:10.7326/0003-

4819-152-11-201006010-00232

52. von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC,

Vandenbroucke JP. The Strengthening the Reporting of Observa-

tional Studies in Epidemiology (STROBE) statement: guidelines for

reporting observational studies. Ann Intern Med. Oct 16 2007;147(8):

573-577. doi:10.7326/0003-4819-147-8-200710160-00010

53. World Health Organization Seroepidemiology Technical Working

Group. ROSES-S: Statement from the World Health Organization on

the reporting of seroepidemiologic studies for SARS-CoV-2. Influenza

Other Respi Viruses. 2021;15(5):561-568. doi:10.1111/irv.12870

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher’s website.

How to cite this article: Lewis HC, Marcato AJ, Meagher N,

et al. Transmission of SARS-CoV-2 in standardised first few X

cases and household transmission investigations: A systematic

review and meta-analysis. Influenza Other Respi Viruses. 2022;

16(5):803‐819. doi:10.1111/irv.13002

816 LEWIS ET AL.

info:doi/10.1093/cid/ciab100
https://www.R-project.org/
https://www.R-project.org/
info:doi/10.18637/jss.v036.i03
info:doi/10.1001/jamanetworkopen.2021.22240
info:doi/10.1371/journal.pone.0240205
info:doi/10.1186/s12874-015-0024-z
info:doi/10.1186/s12874-015-0024-z
info:doi/10.1016/j.prrv.2020.06.018
info:doi/10.1016/j.puhe.2021.07.039
info:doi/10.1016/j.puhe.2021.07.039
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/
info:doi/10.1126/science.abg3055
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1001354/Variants_of_Concern_VOC_Technical_Briefing_17.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1001354/Variants_of_Concern_VOC_Technical_Briefing_17.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1001354/Variants_of_Concern_VOC_Technical_Briefing_17.pdf
https://www.doherty.edu.au/uploads/content_doc/Technical_Report_15_March_2021_RELEASED_VERSION.pdf
https://www.doherty.edu.au/uploads/content_doc/Technical_Report_15_March_2021_RELEASED_VERSION.pdf
https://www.doherty.edu.au/uploads/content_doc/Technical_Report_15_March_2021_RELEASED_VERSION.pdf
https://www.who.int/news/item/21-01-2022-updated-who-sage-roadmap-for-prioritizing-uses-of-covid-19-vaccines
https://www.who.int/news/item/21-01-2022-updated-who-sage-roadmap-for-prioritizing-uses-of-covid-19-vaccines
https://www.who.int/news/item/21-01-2022-updated-who-sage-roadmap-for-prioritizing-uses-of-covid-19-vaccines
info:doi/10.2471/blt.16.170860
info:doi/10.1016/j.epidem.2021.100478
info:doi/10.5365/wpsar.2022.13.1.873
info:doi/10.5365/wpsar.2022.13.1.873
info:doi/10.1111/irv.12915
info:doi/10.1016/j.epidem.2017.01.004
info:doi/10.1016/j.epidem.2017.01.004
info:doi/10.7326/0003-4819-152-11-201006010-00232
info:doi/10.7326/0003-4819-152-11-201006010-00232
info:doi/10.7326/0003-4819-147-8-200710160-00010
info:doi/10.1111/irv.12870
info:doi/10.1111/irv.13002


APPENDIX A

A.1 | Detailed searches

1. Medline – searched 17 August 2021

COVID-19/or (COVID-19 or COVID19 or SARS-CoV-2 or coro-

navirus).tw

AND

(Household transmission OR secondary attack rate* OR close

contact* OR contact transmission OR contact attack rate* OR family

transmission).tw

2. EMBASE – searched 17 August 2021

coronavirus disease 2019/or (COVID-19 or COVID19 or SARS-

CoV-2 or coronavirus).tw

AND

(Household transmission OR secondary attack rate* OR close

contact* OR contact transmission OR contact attack rate* OR family

transmission).tw

3. Web of Science and Scopus – searched 17 August 2021

COVID-19 or COVID19 or SARS-CoV-2 or coronavirus

AND

“household transmission” OR “secondary attack rate*” OR “close
contact*” OR “contact transmission” OR “contact attack rate*” OR

“family transmission”

4. medRxiv and bioRxiv (through medRxiv – COVID-19 papers have

been cross-indexed) – searched 30 August 2021

Advanced Search of (abstracts or titles)

Covid “household transmission”
Covid “secondary attack rate”
Covid “close contact”
Covid “contact transmission”
Covid “contact attack rate”
Covid “family transmission

A.2 | Detailed eligibility criteria

Inclusion criteria:

For screening of abstracts and full-text:

• Any (published) investigation/study involving five or more discrete

households with at least one laboratory confirmed index case of

COVID-19 and all their household contacts or WHO supported

investigations

• Investigations will need to provide information on transmission

dynamics, severity and clinical spectrum of COVID-19 within the

household setting. Specifically, they need to report on the house-

hold secondary attack rate (infection or clinical) with a measure of

uncertainty, or contain sufficient data to calculate the secondary

attack rate (i.e., number of household contacts that become cases,

total number of household contacts and household sizes) and may

also report on the following: severity indicators such as the asymp-

tomatic proportion of cases, hospitalisation and ICU admission

rate, case fatality rate and transmission parameters such as the

serial interval.

• Eligible papers will be restricted to the following languages:

English, Chinese, French, Russian and Spanish, Portuguese, German

and Italian.

For full-text only:

• These studies will need to be aligned to the WHO Unity Studies

FFX and HH transmission investigation protocols (available at:

https://www.who.int/emergencies/diseases/novel-coronavirus-

2019/technical-guidance/early-investigations)

� household recruitment is triggered by detection of a RT-PCR-

confirmed index case

� longitudinally collected (prospective or retrospective) data

from all household members including epidemiological/

virological or serological data (within the 28-day period

from symptom onset in the primary case or household

enrolment)

� Active follow-up of households (through case investigation and

contact tracing)

Exclusion criteria:

• Duplicate studies will be removed. Where multiple papers are pub-

lished on the same cohort (i.e., interim and final findings, subgroup

analyses and secondary data analyses), we will use the most com-

plete and relevant data from the article where summary statistics

are appropriately reported.

• Studies that don’t report sufficient information (i.e., conference

abstracts or where full-text is not available or where

additional information can’t be accessed upon contacting study

investigators).

We investigated if the estimates varied by the following sub-

groups: country/region where study was conducted, pandemic course

(epidemic activity), income setting, predominantly circulating variant

at the time of the investigation/study was conducted, size of house-

hold, source population, implementation methods and index case

symptom status. If data were available, we investigated if the

estimates varied by sex, and age groups of the index case. We also

plan to investigate if the estimates vary by publication status

(i.e., comparing investigations in the literature to unpublished

investigations).

A.3 | Changes from PROSPERO registration and other details

• Adapted criteria for WHO Unity Studies investigations to be

included irrespective of number of households included and

follow-up of all household contacts. This allowed us to consider
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inclusion of estimates that would otherwise not be included in line

with our objectives. Note that all included WHO-supported inves-

tigations had at least five households.

• We did not screen reference lists of included articles. Unpublished

articles and reports provided from WHO often did not contain a

reference list, and we believe that our search strategy was very

comprehensive and sensitive.

• Changes to subgroup analyses were determined prior to the

conduct of analysis (Initial plans were as follows: We investi-

gated if the estimates varied by the following subgroups: coun-

try/region where study was conducted, pandemic course

(epidemic activity), income setting, predominantly circulating var-

iant at the time of the investigation/study was conducted, size

of household, source population, implementation methods and

index case symptom status. If data were available, we investi-

gated if the estimates varied by sex, and age groups of the

index case. We also plan to investigate if the estimates vary by

publication status)

• Authors in the collaborator group were included based on the

ICJME criteria. Authorship was not offered in exchange for contri-

bution of early data to the review.

• We initially intended to review all transmission and severity param-

eters. We decided to focus on the hSAR and hSCAR only to enable

more detailed analysis of collected data.

• Description of the statistical analysis was modified to reflect

change in meta-analysis models used in the analysis.

• Due to the significant amount of observed heterogeneity, we did

not present a pooled HSAR and hSCAR estimate and did not

visually assess funnel plots of effect size versus standard error and

used Eggers test to evaluate bias due to small study effect.(18)

• Additionally, we planned to conduct a sensitivity analysis by

fitting a beta-binomial model as applied in Thompson et al. to

explore whether the chosen model impacted the results. This was

not undertaken as we decided to not produce a pooled estimate.

A.4 | Detailed changes from the planned statistical analyses

Planned approach Updated approach Reason for change

Meta-analyses would be undertaken to

produce pooled hSAR and hSCAR

estimates.

No pooled estimates of hSAR or hSCAR

were produced. A 95% prediction

interval was produced.

There was substantial heterogeneity in

estimated hSAR. We anticipated that

we may be able to explain these sources

of heterogeneity through several pre-

specified subgroup analyses and provide

pooled estimates at a finer resolution

(i.e., by subgroup).

The primary meta-analysis produced a high

I2 value of 99.7%, indicating a high

degree of heterogeneity as anticipated.

The high degree of heterogeneity was

also reflected in the wide range of

reported hSAR estimates (2%–90%) and

prediction interval (3%–71%).

Substantial heterogeneity was still

present within these pre-specified

subgroups, as well as a number of post-

hoc subgroups.

Given our understanding of the differences

in the source of the estimated hSAR in

each investigation, and the residual

heterogeneity that was present upon

meta-analysis within subgroups, it was

decided it was not appropriate to report

any pooled estimates. Instead, we added

in the estimated 95% prediction interval

to help illustrate the large variation in

results.

A beta-binomial mixed-effects model

would be fit for primary meta-analysis

and a binomial-normal model would

be fit for sensitivity analysis.

A binomial-normal mixed-effects meta-

analysis model was used for the primary

meta-analysis.

Both methodologies have been

demonstrated to be appropriate for the

chosen outcome measures,24,28 and we

intended to utilise the beta-binomial

model for the primary analysis and the

binomial-normal sensitivity analysis.

(Continues)
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A.5 | Detailed questions used for methodological quality

assessment

The questions detailed in the HHTI critical appraisal tool17 used to

assess these studies are as follows:

1. Was the study planning, recruitment and data collection appropri-

ately timed to achieve the objectives of the investigation?

2. Was the cohort of households enrolled as a consequence of an

adequate method of case ascertainment?

3. Was a definition of “household” provided?
4. Were all eligible cases and all householders enrolled into the

investigation?

5.

a. Were subsequent cases identified and ascertained using

appropriate methods to calculate the hSAR?

b. Were subsequent cases identified and ascertained using

appropriate methods to calculate the hSCAR?

6.

a. Were households followed up for a period sufficient to mea-

sure primary outcomes?

b. Did all primary cases and contacts remain part of the “house-
hold” for the duration of the investigation?

7.

a. Were steps taken to ensure that householders were suscepti-

ble at the time of enrolment?

b. Were steps taken to ensure that subsequent infections were

due to exposure within the household?

8. Are the methods for analysis appropriate given the study context

and design, participant definitions and the measurement of

outcomes?

9. Has loss to follow-up been appropriately accounted for in the

estimated outcomes?

10. Has any missing data been appropriately accounted for in the

estimated outcomes?

Planned approach Updated approach Reason for change

The binomial-normal model had existing

implementations in our chosen

statistical package,31 and so we

decided to utilise this as for the

primary analysis. No sensitivity

analysis was undertaken due to the

decision not to pool hSAR or hSCAR

estimates, as described above.

We would assess reporting biases

through (1) visual inspection of funnel

plots of the effect size, and; (2) using

Eggers test to evaluate bias due to

small study effect.

No assessment of reporting biases was

made.

Because we chose not to produce pooled

estimates any of the outcomes of

interest, there was no need to assess

the impact of reporting biases on these

pooled estimates.

Pre-specified subgroups: (1) Income

setting; (2) Predominantly circulating

variant at the time of investigation; (3)

Secondary case ascertainment

methods and (4) Methodological

quality of investigation.

Additional post-hoc subgroups: (1) Duration

of follow-up of household contacts; (2)

Stricter adherence to the Unity

protocol, and (3) Use of serological

testing to ascertain secondary cases.

The high heterogeneity between hSAR

estimates (I 2 value of 99.7%) was not

reduced in pre-specified subgroup

analyses (I 2 values ranging between

99.4%–99.6%).

To address this, we defined three additional

post-hoc subgroups we anticipated may

account for heterogeneity.
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