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"Public Health is the science and the art of preventing disease, prolonging life, and promoting
physical health and efficiency through organized community efforts for the sanitation of the
environment, the control of community infections, the education of the individual in principles of
personal hygiene, the organization of medical and nursing services for the early diagnosis and
preventive treatment of disease, and the development of the social machinery which will ensure to

every individual in the community a standard of living adequate for the maintenance of health."

Winslow CE. 1920. The untilled fields of public health. Science. 51(1306):23-33.



PREFACE

Not many epidemiologists would have the opportunity to work on a pandemic so early in their
careers, never mind the opportunity to make it the topic of their PhD thesis. My involvement in the
initial response to SARS-CoV-2 and subsequent research studies was a (hopefully) once-in-a-lifetime
opportunity for which | will always be grateful, although it placed a toll on my mental and emotional

wellbeing.

The 5 of March 2020, when the first COVID-19 case was identified in South Africa, will be
embedded in my memory forever. | was driving to work, after three days of working from home on
one of my PhD objectives. At the time my PhD was still focussing on influenza and contact patterns,
and | had been intending to visit our collaborators in Italy in February. My trip was first postponed
and then cancelled due to the devastating spread of SARS-CoV-2 in Italy. So | had three days of
virtual calls to try and make up for this. On my way to work that Thursday morning, | received the
call that the first case had been identified in South Africa. We had been preparing for this for weeks,
with multiple meetings, planning sessions and press releases. But still, that first case threw me off
balance; | quickly realized what all the gaps were that we had not considered yet. After a very
hushed meeting, | was asked to contact the index case patient and do the subsequent contact
tracing. The next day | did a house call with one of our clinical staff members to collect a sample and
clinical information on one of the contacts. What my training did not prepare me for, is the fact that
| was not just counting numbers, but engaging with people, people worried about what will happen
to them, their families... | received calls at 5 am from a husband worried that his wife had been
exposed. School headmasters worried if an event should continue. It is not as simple as collecting a
swab, filling in a case investigation form and just moving on. The next few weeks were a blur of late
nights, early mornings and trying to stay on top of case numbers as our data systems had time to

catch up.

No workshop can ever truly prepare you for a pandemic. There are so many subtleties, and soft
skills, that you need to acquire. Understanding people’s reactions when they refuse to be in the
same meeting room as you after hearing you were exposed to a confirmed case, allowing yourself
and others to break down and vent, to make mistakes, learn from them and then move on and do
better. | cannot entirely put in words how much | have learned in the last three years, the
experience | have gained, and the professional and personal growth | experienced. But | will forever
be grateful that | have had the opportunity to build my career on this experience, and for the

amazing mentors that surrounded me during this time, allowing me to grow.
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ABSTRACT

Background

Understanding the community burden and transmission dynamics of severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2) can assist to make informed decisions for prevention policies.

Methods

From August through October 2018, before the SARS-CoV-2 pandemic, we performed a cross-sectional
contact survey nested in a prospective household cohort in an urban (Jouberton, North West Province)
and a rural community (Agincourt, Mpumalanga Province) in South Africa to measure contact rates in
535 study participants. Participants were interviewed to collect details on all contact events (within

and outside of the household).

During the SARS-CoV-2 pandemic we enrolled 1211 individuals from 232 randomly selected
households in the same urban and rural community, and followed the cohort prospectively for 16
months (July 2020 through November 2021), collecting blood every two months to test for SARS-CoV-2
antibodies. Using these longitudinal SARS-CoV-2 seroprevalence estimates and comparing these with
reported laboratory-confirmed cases, hospitalizations and deaths, we investigated the community

burden and severity of SARS-CoV-2.

We also performed a case-ascertained household transmission study of symptomatic SARS-CoV-2
index cases living with HIV (LWH) and not LWH (NLWH) in two urban communities (Jouberton, North
West Province and Soweto, Gauteng Province) from October 2020 through September 2021. We
enrolled 131 SARS-CoV-2 index cases at primary healthcare clinics. The index cases and their 457
household contacts were followed up for six weeks with thrice weekly visits to collect nasal swabs for
SARS-CoV-2 testing on reverse transcription real-time polymerase chain reaction (rRT-PCR),
irrespective of symptoms. We assessed household cumulative infection risk (HCIR), duration of virus
detection and the interval between index and contact symptom onset (serial interval). By collecting
high-resolution household contact patterns in these households using wearable sensors, we assessed

the association between contact patterns and SARS-CoV-2 household transmission.

Results

During the contact survey, we observed an overall contact rate of 14 (95% confidence interval (Cl), 13-
15) contacts per day, with higher contact rates in children aged 14-18 years (22, 95%Cl 8-35) compared
to children <7 years (15, 95%Cl 12-17). We found higher contact rates in the rural site (21, 95%Cl 14-
28) compared to the urban site (12, 95%Cl 11-13).



When comparing the household cohort seroprevalence estimates to district SARS-CoV-2 laboratory-
confirmed infections, we saw that only 5% of SARS-CoV-2 infections were reported to surveillance.
Three percent of infections resulted in hospitalization and 0.7% in death. People LWH were not more
likely to be seropositive for SARS-CoV-2 (odds ratio [OR] 1.0, 95%CI 0.7-1.5), although the sample size
for people LWH was small (159/1131 LWH).

During the case-ascertained household transmission study for SARS-CoV-2, we estimated a HCIR of
59% (220/373) in susceptible household members, with similar rates in households with an index LWH
and NLWH (60% LWH vs 58% NLWH). We observed a higher risk of transmission from index cases aged
35-59 years (adjusted OR [aOR] 3.4, 95%Cl 1.5-7.8) and 260 years (aOR 3.1, 95% Cl 1.0-10.1)
compared with those aged 18—34 years, and index cases with a high SARS-CoV-2 viral load (using cycle
threshold values (C:) <25 as a proxy, aOR 5.3, 95%Cl 1.6-17.6). HCIR was also higher in contacts aged
13-17 years (aOR 7.1, 95%Cl 1.5-33.9) and 18-34 years (aOR 4.4, 95% Cl| 1.0-18.4) compared with <5
years. Through the deployment of wearable sensors, we were able to measure high-resolution within-
household contact patterns in the same households. We did not find an association between duration
(aOR 1.0 95%CI 1.0-1.0) and frequency (aOR 1.0 95%CI 1.0-1.0) of close-proximity contact with SARS-

CoV-2 index cases and household members and transmission.

Conclusion

We found high contact rates in school-going children, and higher contact rates in the rural community
compared to the urban community. These contact rates add to the limited literature on measured
contact patterns in South Africa. The burden of SARS-CoV-2 is underestimated in national surveillance,
highlighting the importance of serological surveys to determine the true burden. Under-ascertainment
of cases can hinder containment efforts through isolation and contact tracing. Based on
seroprevalence estimates in our study, people LWH did not have higher SARS-CoV-2 community attack

rates.

In the household transmission study, we observed a high HCIR in households with symptomatic index
cases, and that index cases LWH did not infect more household members compared to people NLWH.
We found a correlation between age and SARS-CoV-2 transmission and acquisition, as well as between

age and contact rates.

Although we did not observe an association between household contact patterns and SARS-CoV-2
transmission, we generated SARS-CoV-2 transmission parameters and community and household
contact data that can be used to parametrize infectious disease models for both SARS-CoV-2 and other
pathogens to assist with forecasting and intervention assessments. The availability of robust data is

important in the face of a pandemic where intervention strategies have to be adapted continuously.
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1. Introduction

This Degree of Doctor of Philosophy (PhD) thesis was originally titled “Influenza transmission and
social contact patterns”, and was aimed at investigating the role of contact patterns in the
transmission of the influenza virus. As such, the first objective, measuring community contact rates
and time use in two communities, was completed in 2018-2019. In 2020, public health priorities
shifted from influenza to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), and we
decided to do the same for this thesis (appendix B). The remaining three objectives were then
focused on the burden and transmission of SARS-CoV-2. The first objective, although completed
before the SARS-CoV-2 pandemic, is still included as part of the body of work as contact patterns are
important in the context of both SARS-CoV-2 transmission and the planning of intervention

strategies.

The body of work submitted for the PhD degree consists of five manuscripts (four published in peer-
reviewed journals and one full draft in peer-review, appendix D) and this integrating narrative
chapter. The integrating narrative background section provides a literature review on SARS-CoV-2
emergence, burden and transmission, as well as contact patterns and their role in the transmission of
SARS-CoV-2, as reported in the literature; and the problem statement and objectives for this study.
This is followed by a summary of methods used for each of the four objectives, and a results and
discussion section that integrates the results from the four objectives and five resulting manuscripts,
discussing important considerations for SARS-CoV-2 burden and transmission, as well as future

pandemics. The discussion is structured as six themes:

Combining data sources to estimate the burden of SARS-CoV-2
The household as an important setting for SARS-CoV-2 transmission

The influence of study design on the assessment of household transmission

P w o nNpoE

Leveraging contact patterns to assess and predict SARS-CoV-2 transmission and to inform
intervention strategies

5. The importance of not neglecting one epidemic when facing another: SARS-CoV-2 and HIV
co-infection

6. Generating data for action

For the review of this body of work, the background in this integrating native can be read first,
followed by the five manuscripts (see appendix D), and then returning to this chapter to review the

methods summary, results and discussion.



2. Background

2.1. Epidemiology of SARS-CoV-2

2.1.1. Emergence

Coronaviruses are enveloped, positive-sense, single-stranded RNA viruses in the Coronaviridae
family, a diverse family of viruses that can infect mammals, fish and avian species [!. Human
coronaviruses, for example, HCoV-229E and HCoV-0C43 cause mild respiratory tract infections, but
only three coronaviruses have been highly pathogenic and caused outbreaks, all zoonotic in origin
and emerging in the last 20 years U1, Severe acute respiratory syndrome coronavirus (SARS-CoV)
emerged in November 2002 in Foshan City, Guangdong province, in China, and subsequently spread
to 29 countries and regions, causing 8,096 cases and 774 deaths before the outbreak was declared
over in July 2003 2\, Sporadic cases were subsequently seen, but none after January 2004 2. Chinese
horseshoe bats were found to be the natural reservoirs of SARS-CoV, with civet cats or masked palm
civets likely responsible for the initial spill over to humans in wet animal markets 2. Middle East
respiratory syndrome virus (MERS-CoV) on the other hand was first detected in Saudi Arabia in June
2012, where direct spill-over from dromedary camels to humans occurred B!, Unlike SARS-CoV, most
infections arise from animal-to-human transmission, with a few subsequent outbreaks caused by
human-to-human transmission mainly in hospital settings *!. Although sporadic cases still occur, no
large-scale outbreaks have been reported in recent years. Although most cases have been reported
from Saudi Arabia, 2,260 cases and 803 deaths have been reported from 27 countries across the

globe B,

In December 2019 a cluster of pneumonia disease cases was reported from Wuhan, Hubei province,
China ¥, Cases were linked to a seafood market [, although not clear if the market was where the
first human infection occurred, or only where the first cases were detected ). Although initially
called new coronavirus (2019-nCoV), it was later classified as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the causative agent for coronavirus disease 2019 (COVID-19) . Bats
were identified as the likely reservoir for SARS-CoV-2, with the intermediate host still unknown ©.
Reverse transcription real-time polymerase chain reaction (rRT-PCR) assays were rapidly developed
for diagnostics, and although a lockdown restricting movement in to and out of Wuhan was
implemented on 23 January 2020, the virus had already spread to other parts of China, a situation
exacerbated by the fact that Wuhan was a transport hub and there was a surge in travel due to the
Chinese New Year celebrations ). Although contact tracing, isolation and social distancing was
implemented in China, which successfully interrupted the chains of transmission and kept case
numbers low ), the virus had already spread globally where containment efforts were less

successful. On 13 January 2020, the first case of COVID-19 was confirmed outside of China, in



Thailand, and by 30 January 2020 when the virus had already spread to 18 countries and 83 cases
had been reported, the World Health Organization (WHO) declared the outbreak a Public Health
Emergency of International Concern (PHEIC) ®1. COVID-19 was officially classified as a pandemic in
March 2020, by which time it had already spread to 114 countries, with more than 118,000 cases and
4,291 deaths reported "\,

Like other RNA viruses, SARS-CoV-2 is prone to introduce errors during the replication of its genetic
material, despite its proofreading ability ®. Furthermore, when individuals are infected with more
than one variant of the virus, an exchange of genetic material (recombination) can take place &, If
these mutations provide a competitive advantage, the new mutant may become the dominant
circulating form of the virus . Strains with mutations that increase transmission, disease severity or
immune-evasion are called variants of concern (VOC) and five have been identified so far: Alpha,
Beta, Delta, Gamma, and the most recently emerged, Omicron [, The first documented samples of
Beta were from South Africa in May 2020, indicating that the variant likely emerged here. The
Omicron variant was also first described from South Africa and Botswana in November 2021,*% but
the country of origin is still unclear due to Omicron sequences being detected in several other
countries around the same time.”! Each VOC that has emerged so far, has different transmissibility
and severity characteristics, for example, Delta being more infectious and severe than Alpha and

Beta, and Omicron being less severe than Delta, but evading immunity to cause more re-infections (&,

2.1.2. Containment and control strategies

The initial approach to control this newly emerged virus was to contain infections through intense
testing and contact tracing, and large-scale lockdowns restricting population movement. Most
countries were not successful in containing the virus immediately after introduction, and in the
absence of vaccines, targeted therapies and an entirely naive population, the only possible approach
to control SARS-CoV-2 was non-pharmaceutical interventions (NPI). The aim was to flatten the curve:
to reduce the number of infections at a current time point and rather spread infections out over time
to not overburden the healthcare system, and to allow time for treatment and vaccine technologies
to be developed Y. Large-scale lockdowns came at a considerable economic cost and were only
feasible for short periods at a time *%*2, Other NPIs utilized included mandatory face masks while in
public spaces, social and physical distancing, restriction in alcohol sales and increased hand hygiene
(3] In a very fast-paced changing landscape of the pandemic, it was important to have data available
to quickly assess best-suited interventions and their success in reducing infections. NPIs were shown
to be effective to reduce viral spread but did not eliminate transmission **). Individuals with public-
facing occupations, especially healthcare workers, were still at greater risk of SARS-CoV-2 infection
even while NPIs were in use [**. Outbreaks still occurred in crowded living spaces and communal-

living facilities, for example, prisons and nursing homes ¥, Adherence to NPIs would also have



differed based on the setting, limiting the effectiveness [**. The wearing of masks and face coverings
for example was shown to reduce the spread of SARS-CoV-2 but depended on the quality of the

mask/covering, and the correct fitting and use 4,

The first vaccines for SARS-CoV-2 became available only a year after SARS-CoV-2 had emerged.
Although vaccines were highly effective against severe disease and death, they did not prevent
infection, especially as new variants of SARS-CoV-2 emerged, which meant that vaccination was no
‘silver bullet’ Y], Further challenges include waning immunity, vaccine hesitancy and universal
access, especially so in Africa **.. The waning of immunity and emergence of new SARS-CoV-2
variants necessitates ongoing booster vaccination, and the development of new vaccines including
antigens from circulating variants. Variant-modified vaccines incorporating the Beta, Delta, Omicron
BA.1 or Omicron BA.4/5 spike proteins (including combined formulations) have been developed, but
may not be available in all settings, and ongoing development would still be needed as new variants
may emerge 1®!. The requirement of regular booster doses places an additional burden on healthcare
systems, further reducing access, and could also lead to communities losing confidence in
vaccination. A universal coronavirus vaccine would resolve the issue of the continued evolution of

SARS-CoV-2 but comes with both financial and technical challenges 7).

2.1.3. SARS-CoV-2 in South Africa

Surveillance for SARS-CoV-2 in South Africa started in early February 2020 when screening for fever
was implemented for returning travellers at all ports of entry *]. The first case of SARS-CoV-2 in
South Africa was announced on 5 March 2020, three weeks after Egypt reported the first SARS-CoV-2
case in Africa 8. After the detection of an additional 60 cases, a national state of disaster was
announced and stayed in effect until 4 April 2022 *°!, This national state of disaster allowed for the
framework to guide restrictions and NPIs in five different levels, level five being the most restrictive
and only allowing the operation of and travel for essential services, and level one being the least

restrictive '), Level five (a national lockdown) was implemented from 27 March - 30 April 2020 19!,

South Africa quickly established several surveillance platforms to track SARS-CoV-2 cases,
hospitalizations and deaths. As part of the national state of disaster, COVID-19 has been declared a
notifiable medical condition (NMC), with all laboratory diagnoses being reported to the notifiable
medical conditions surveillance system (NMCSS) of the National Institute for Communicable Diseases
(NICD). Further surveillance included community screening and testing, contact tracing and testing of
symptomatic contacts, a comprehensive national electronic hospital surveillance system for COVID-
19 (DATCOV) 2% and the notification of COVID-19 deaths from provincial authorities to the National
Department of Health (8. The NMCSS, DATCOV and COVID-19 deaths surveillance systems are not

linked and operate independently. Linking data between these sources is theoretically possible but



would require manual linking through personal identifiers which may not be captured in a standard
manner between the systems. Although the NMCSS includes all PCR-confirmed SARS-CoV-2
infections captured on laboratory information systems, the reporting of rapid antigen tests on these
systems may not be consistent, and any infections not confirmed with a diagnostic test would also
not be included. It will be important to understand the scale of underreporting in this surveillance
system to estimate the burden of and population immunity to SARS-CoV-2. SARS-CoV-2 testing was
also incorporated into the existing national syndromic surveillance for pneumonia (public sector
hospitalizations), the out-patient influenza-like illness syndromic surveillance (public sector) and the
viral watch (private general practitioners) surveillance systems ¥, Genomic ! and wastewater

surveillance were also established 22,

The surveillance systems allowed the careful tracking of South Africa’s five waves of infection, each
dominated by a different VOC: starting with the ancestral (also referred to as Wuhan) strain in wave
1 and followed by Beta-, Delta-, Omicron BA.1 and BA.2 and Omicron BA.4 and BA.5 in the next four
waves ! (Figure 1). By the end of September 2022, South Africa had reported 4.02 million laboratory-
confirmed cases, with a cumulative incidence risk of 66,800 cases per 1 million population 23],

540,000 hospitalizations 2% and over 102,000 deaths 24!,
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Figure 1. Laboratory-confirmed SARS-CoV-2 cases, hospitalizations and in-hospital deaths, South
Africa, 1 March 2020 - 30 September 2022. Cases as reported to the Notifiable Medical Conditions
Surveillance System (NMCSS) 23! and hospitalizations and deaths reported to the national electronic
hospital surveillance system for COVID-19 (DATCOV) %, The variant which dominated the wave is
indicated in the text above the curve ©..



2.2. SARS-CoV-2 burden and transmission dynamics

2.2.1. Burden

The burden of a disease is the combined impact of the disease on a population, which encompasses
the prevalence, risk factors and outcomes of the disease, and the resulting financial implications 12°.,
The Global Burden of Diseases study summarizes the burden of disease from premature mortality
and disability as disability-adjusted life years (DALYs), which includes years of life lost (YLL) and years
lost due to disability (YLD) ?°\. To calculate DALYs, one requires the number of cases and deaths, as
well as the duration and severity of illness. The number of SARS-CoV-2 infections in a population can
be estimated using the prevalence of SARS-CoV-2 antibodies (seroprevalence) in the population.
These seroprevalence estimates can be used to calculate the total number of infections, and in turn,
can be compared to the number of SARS-CoV-2 cases detected through surveillance (case-to-
infection ratio, CIR) to estimate the number of infections reported to surveillance. To estimate
severity, the number of infections can be compared to the number of SARS-CoV-2-related
hospitalizations (hospitalization-to-infection ratio, HIR) to estimate the proportion of infections
resulting in hospitalization and to the number of SARS-CoV-2-related deaths (fatality-to-infection

ratio, FIR) to estimate the proportion of infections resulting in deaths.

By the end of September 2022, 614 million cases of SARS-CoV-2 infection had been recorded
globally, with more than 6.5 million deaths 4. The majority of cases had been reported from Europe
and the Americas, with only 9.3 million cases and 174,500 deaths recorded from Africa ?4. During the
initial phases of the pandemic, a major concern was that African countries’ already fragile healthcare
systems may be overwhelmed once widespread community transmission occurred, a phenomenon
that occurred in Italy during the first wave of infections 27}, and during the second, Delta dominated,
wave in Delhi, India 8. This, however, was not the case in Africa, and questions were raised if this
was due to limited transmission, host genetics, a younger population, climate or under-

ascertainment of cases.

While reported case numbers may point to Africa being spared a high case burden, seroprevalence
studies rather show instead that SARS-CoV-2 was indeed circulating, and by comparing the number
of infections based on seroprevalence to reported case numbers, it was apparent that infections
rather went undiagnosed due to barriers to access to care, and limited testing capacities [°!.
According to a World Bank Group Poverty and Equity survey in 11 sub-Saharan African countries
during the early stages of the pandemic, half of the respondents who were unable to access
healthcare indicated it was due to financial constraints. Furthermore, testing strategies focussed on
symptomatic individuals, whilst a high proportion of infections are asymptomatic 2°3%, Although

African healthcare systems did not collapse entirely, they were placed under major stress in many



settings >34, with resulting disruptions in services such as childhood vaccination, surveillance, and
HIV and Mycobacterium tuberculosis (TB) testing and treatment programmes 23334 This highlights
the difficulty in measuring burden when relying on only reported case numbers, with seroprevalence
estimates indicating higher infection rates compared to reported case numbers, and the importance
of active surveillance programs and seroprevalence studies to determine the true burden of SARS-
CoV-2 infections. It is important to measure population SARS-CoV-2 seroprevalence to understand
the existing exposure to SARS-CoV-2 in the specific setting when planning the relaxation of NPIs and
implementation of interventions like vaccination. Furthermore, doing seroprevalence studies in
longitudinal cohorts allow for serial comparisons of antibody responses relative to reported
laboratory-confirmed SARS-CoV-2 through successive waves of infection, and to monitor the

durability of antibody titres. Such data were still lacking in South Africa at the initiation of this study.

There is heterogeneity in SARS-CoV-2 seroprevalence in Africa based on the timing of the surveys
relative to waves of infection, and on the population and area under investigation, thus; making it
challenging to compare infection rates across studies. African seroprevalence estimates from one
meta-analysis ranged from 1% in Togo (May 2020) to 45% in Nigeria healthcare workers (April 2020),
with an estimated overall seroprevalence of 16% (including surveys done from April 2020 to
November 2020) ?°!. A meta-analysis using only WHO Unity-aligned study protocols reported a 3%
SARS-CoV-2 seroprevalence in Africa by June 2020 . In areas outside of the African continent,
SARS-CoV-2 seroprevalence ranged from 3% in the Western Pacific region %, with the lowest (0%)
and highest (8%) seroprevalence in Australia (July 2020) 7 and Korea (June 2020) B# respectively, to
15% in the Eastern Mediterranean ! where the lowest (1%) and highest (38%) seroprevalence was

recorded from Saudi Arabia (May 2020) B° and Pakistan (July 2020) 1%, respectively.

A meta-analysis mainly including high-income countries showed that the severity of the disease is
greatly dependent on age: severe illness was estimated to occur in only 0.1% of SARS-CoV-2
infections in children younger than 10 years and increased with age to 30% in adults aged 80 years

and older “Y. FIRs range from 0.0005% in young children to 18% in the elderly 4%,

Seroprevalence studies were also performed in South Africa, mainly nested in blood donor samples,

a population-based, cross-sectional study performed in the Gauteng province and a cross-sectional
household survey in the KwaZulu-Natal, North West and Western Cape provinces. By May 2021 (after
the Beta [second] wave), the national anti-SARS-CoV-2 antibody prevalence in blood donors
(individuals >16 years) was 47% 2. The estimates varied across provinces, from 32% in the Northern
Cape province to 52% in the KwaZulu-Natal province. In the two study sites from which data was
collected for this thesis, seroprevalence was 49% in the North West province and 48% in the
Mpumalanga province 42, When comparing the estimated number of infections based on

seroprevalence in blood donors to reported case numbers, the case-to-infection (CIR) ranged from



16% in the Western Cape province, to 6% in the KwaZulu-Natal province, and 5% in both of the
provinces of sites used on in this thesis (the North West and Mpumalanga provinces) 2.
Seroprevalence was higher in individuals of the black race compared to the white race, with no
differences observed based on sex *?.. FIR based on blood donor seroprevalence (up to March 2021,
also after the Beta wave) compared to reported excess deaths, increased with age, ranging from
0.014% in children 10-19 to 6.8% in adults 280 years, and differed based on province, ranging from
0.62% in the Mpumalanga province to 0.72% in the Western Cape province. In the North West

province it was 0.64% and in the Gauteng province 0.62%. 43!

Results from the population-based, cross-sectional study done in Gauteng, showed that by January
2021 (during the Beta wave), seroprevalence was 19%, similar across all age groups 44,
Seroprevalence varied across districts, highest in the City of Johannesburg district at 26% and lowest
in the City of Tshwane district at 13% *4. Factors associated with previous infection were female sex,
working in healthcare or production, and having more than one co-morbidity **. The CIR was
estimated at 11% and the FIR based on COVID-19 recorded deaths was 0.28%, with excess deaths

estimated at 0.67% 4.

In the cross-sectional household survey, also after the Beta wave of infection, overall seroprevalence
was 45.2%, lowest in the North West province (39.8%) and highest in the KwaZulu-Natal province
(50.2%) “°1. Factors associated with being seropositive included age, sex, race, being overweight or
obese and low socioeconomic status *°!. In the North West province, the CIR, HIR, in-hospital FIR and

excess death FIR were 4.4%, 2.5%, 0.3% and 0.3%, respectively *°.

2.2.2. Routes of transmission

Although zoonotic (animal to human), faecal-oral and fomite transmission of SARS-CoV-2 is possible
and has been described in some instances, the main route of transmission for SARS-CoV-2 is
respiratory “¢47. When considering respiratory transmission, two main concepts are important:
droplet-mediated transmission where the virus is present in drops of respiratory secretions that are
expelled when talking, coughing or sneezing, and which travel only about 1 meter and fall to the floor
due to their weight; or through aerosols where the virus can linger in the air for an extended
duration of time 8, For SARS-CoV-2, most evidence points to droplet-mediated transmission, where
close proximity is important for transmission to take place, but aerosol transmission is also possible
[4648] Ventilation seems to be key, and poor ventilation had resulted in high transmission events in
households and public areas [“°l. An important consideration, and one that added to the challenge of
containing the virus, is that individuals can transmit SARS-CoV-2 irrespective of symptom status, and

the risk of transmission is highest one day before symptom onset ¢!,



2.2.3. Transmission dynamics

The basic reproductive number (Ro) for an infectious disease is the average number of secondary
cases that result from an infected individual in a completely susceptible population 1), and the
effective reproductive number (Re) considers infections once the population consists of both
susceptible and non-susceptible individuals. Re estimates for SARS-CoV-2 vary greatly, based on the
current variant circulating, the NPIs in place and the existing population immunity. Considering the
most recently emerged variants, the average R. for Omicron was estimated at 3.4 (range 0.9 —9.4),

which was 2.5 times higher than the R. for Delta 1*°!.

A second important factor used to describe the transmissibility of a disease is the dispersion
parameter (k), which describes the variation in the infectiousness of individuals. As with SARS-CoV
and MERS-CoV, there is overdispersion in the transmissibility of SARS-CoV-2, which means there is
great variation in secondary attack rates at the individual level, with some cases leading to no
secondary transmission, while others may lead to super spreading events “®!. Due to this
overdispersion, a small proportion of SARS-CoV-2 infections (10-20%) lead to the greatest proportion
of secondary cases (80%) 1*6°%, The occurrence of a super-spreading event depends on several
factors, for example, the infectiousness of the index case (i.e. the number of infectious virions
expelled), the contact patterns of the case (i.e. having a large number of contacts or more contacts
with susceptible individuals), the timing of the contacts relative to infectiousness, as well as the

environment (i.e. poor ventilation or crowding) %%,

The household has proven to be an important location for transmission %2 since secondary
infection risk (SIR, the number of secondary cases arising from an index case) could be more than
three times higher in household and family contacts compared to other contacts such as those that
occurred in the workplace 3. Household transmission can still drive epidemics as NPI may reduce
transmission in the community, while household transmission can still occur and spill over to other
households 4. The household therefore constitutes a suitable environment in which to measure
household cumulative infection risk (HCIR, the number of cases arising after the virus is introduced in
the household, irrespective if these result from tertiary or subsequent chains of transmission),
episode durations and serial intervals. However, a limitation of household transmission studies is
that super spreading events, which may be driving most transmission in the community, cannot be
considered in these small contact networks “®!. Within the household, it is possible to identify risk
factors for transmission (characteristics of the index case increasing the transmission to a household
contact) and for acquisition (characteristics of the household contact making them more susceptible

to be infected) of SARS-CoV-2.



HCIR estimates differ based on timing, SARS-CoV-2 variant, previous SARS-CoV-2 infection and
vaccination status of the index case and household contacts. The initial HCIR estimate from a meta-
analysis was 19% ©3 but was found to be higher with newly emerging variants: 36% for Alpha, 23%
Beta, 30% for Delta and 43% for Omicron °. Estimates included in the meta-analysis varied greatly
due to the different timing of the studies included, but most importantly the differences in
methodology between these studies. HCIR estimates had not been available yet for South Africa at
the initiation of our case-ascertained household transmission study, and these estimates are
important to inform interventions to reduce the transmission of the virus. With South Africa’s high
burden of the human immunodeficiency virus (HIV) ), doing household transmission studies can

also shed light on the role of HIV-infection in SARS-CoV-2 transmission.

2.2.4, SARS-CoV-2 and HIV co-infection

South Africa has the fourth highest prevalence of people living with HIV (PLWH) in sub-Saharan
Africa, with an estimated 19% of the adult population aged 15-49 years living with HIV . Due to the
impact of HIV on the immune system, PLWH may be at higher risk for SARS-CoV-2 infection and
severe disease 7). Few studies report the influence of HIV infection on SARS-CoV-2 transmission,
duration of shedding or clinical severity, with most data available from high-income countries and
little evidence from sub-Saharan Africa where most PLWH reside . Prior research suggests that
SARS-CoV-2 prevalence and COVID-19 diagnosis rates are similar between PLWH and people not
living with HIV (PNLWH) 859, This may point to no additional risk for SARS-CoV-2 acquisition in
PLWH, but without a direct measurement (in a randomized control or observational study) of the
acquisition of infection after exposure (irrespective of symptoms) it would not be possible to
accurately determine this. Irrespective of the risk of transmission or acquisition, PLWH are at greater
risk for hospitalization 57296061 gnd death 2616263641 \when infected with SARS-CoV-2, with the risk
increasing with a decline in CD4+ T cells 7984 A meta-analysis found PLWH with COVID-19 had a
49% higher risk to be hospitalized and a 76% increased risk of death [6Y, Data from South Africa
showed that PLWH with COVID-19 had a 34% higher in-hospital mortality than individuals not living
with HIV (LWH) ¥, Furthermore, the risk of in-hospital mortality was double in PLWH that were
immunosuppressed compared to PLWH that were not immunosuppressed %4, Limited data are
available on the role of HIV in the transmission of SARS-CoV-2, which is also difficult to assess if not
all contacts of cases are tested for SARS-CoV-2, irrespective of symptoms. Household transmission
studies would be useful to assess both transmission from index cases LWH, and acquisition by
contacts LWH. Although unknown at the inception of this study, we now know that PLWH with
COVID-19 who are not virally suppressed for HIV, or immune compromised, shed SARS-CoV-2 for
longer periods, which could also lead to increased secondary transmission, and evolution of the virus

leading to new variants 30765,
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2.3.

2.3.1.

Social contact patterns

Measuring contact patterns

Methods utilized to investigate social mixing patterns include inferring contact patterns from

secondary data like mobile phone usage or locations, the direct measurements of contacts using self-

administered contact diaries (paper- or web-based), and interviews to complete contact diaries and

proximity sensors, with each method having advantages and disadvantages (Table 1) ¢!, Contact

diaries make use of either online or paper-based surveys that request participants to report any

contact events for a specified period, while proximity sensors measure any interactions between

individuals wearing these sensors, eliminating the issue of recall or reporting bias [©°!,

Table 1. Methods commonly utilized to measure social contact patterns

Method Description Advantages Disadvantages

Mobile phone  Using mobile * Noresourcesare < Verylow-resolution data

usage [¢7] network tower needed for field * Limited to individuals using mobile phones
locations that deployment (i.e. adults and higher income groups)
mobile phonesare ¢ Provides data in * Access to data needs special permissions
connected to, to absence of * No metadata (e.g. ages) are available
infer interactions contact survey * High-resolution location data (home/work)
based on location data not available

Global Using either a GPS- * Noresourcesare * Low-resolution data

positioning logging device or needed for field * Limited to individuals using mobile phones

system (GPS,

mobility data)
[68]

Contact
diaries (self-

administered)
[69,70,71,72]

Contact
diaries
(interviews)
[68,69,70,72]

Proximity

sensors
[70,72,73]

smart phone GPS to
infer interactions
based on location

Individuals
complete a paper-
based or electronic
contact diary

Individuals are
interviewed to
complete a contact
diary of contacts
from the previous
day

Wearable devices
send and receive
radio frequency
waves to directly
measure close
proximity (<1.5m)
interactions

deployment

* Higher resolution
than phone
usage

* Provides data in
absence of
contact survey
data

* Large sample size

* The study period
can be longer

* Canbeusedin
illiterate
communities

* Possibly less
recall bias than
self-administered
diaries

* Direct
measurement of
close
interactions that
could lead to
transmission

* Removes recall
bias

(i.e. adults and higher income groups)
* GPS loggers reliant on individuals
remembering to charge and use
* The signal resolution of GPS can be low

* Cannot be used in illiterate communities

* Electronic diaries cannot be used in
populations with no access to devices

* Recall bias

* Over-estimates contact duration

* Under-estimates contact frequency

* Recall bias

* Field staff are required thus increasing the
cost

* Typically, only collect information for one
day

* Smaller sample size than self-administered

* Over-estimates contact duration

* Under-estimates contact frequency

* Only measures contacts between
individuals wearing sensors

* Only measures face-to-face contacts

* Deployments are logistically challenging

* Depends on compliance

* Hardware costs

* Typically smaller sample size than contact
diaries
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Proximity sensors have been employed to measure contact events in workplaces 7%, conferences
(707475761 ‘workshops 7], schools [697879.80818283] "ynjyersities B4, museums ), hospitals (886,587,888
and households *°Y, High-resolution contact patterns have become a topic of interest when
considering infectious disease transmission, have been used in combination with virological data to
investigate influenza transmission in a hospital %, and more indirectly to model transmission of
infectious diseases using collected contact data and known infectious disease parameters 768,
Specifically, in the context of SARS-CoV-2 transmission, proximity sensors have been used to measure

contact patterns on a cruise ship, enabling the simulation of SARS-CoV-2 outbreaks to measure the

effectiveness of NPIs 21,

Low-resolution methodologies like mobile phone and GPS tracking can be used to track the
movement of individuals (how often and far do individuals travel?) and simulate how an infection
could disseminate through a population, country, or even between countries, but does not provide
details on how a pathogen might spread on an individual level 8. Using contact diaries, more
resolution can be obtained about individual-level contact patterns (who is contacted, how often,
where and for how long?), although this method is subject to biases in the measurements 72, With
proximity sensors, the actual interaction between two individuals is measured and provides the exact
time of the interaction and how long it occurred, although only logged for close-range, face-to-face
interactions of two individuals both wearing the sensors. With the availability of these very high-
resolution data, there are several ways (parameters) to summarize the data. The contact rate (total
number of contact events, i.e. frequency) is a common measure used in both contact diaries and
proximity studies 2. The number of people contacted and duration of contact are also parameters
that can be used to describe social contact patterns 2 87/ A contact matrix is a summary measure to
describe the average (or median) time in contact or the number of contact events between groups,
often done using age categories 7! 83, published contact matrices provide a summary of contact

patterns in a population that can be used for infectious disease transmission modelling.

Although social contact studies using proximity sensors have not been done in South Africa, contact
diaries have been utilized to investigate contact patterns in Western Cape communities and one
community in the KwaZulu-Natal Province. One study in the Western Cape province 3 and the
KwaZulu-Natal province ¥ study conducted interviews to assess contacts, and the other from the
Western Cape province utilized a self-administered diary and an interview to assess contact events in
all age groups !, It is unknown if the contact patterns observed in these communities are similar to
those in other South African communities, and these contact studies were not performed in the
context of virus transmission. It is important to have robust estimates of contact rates in multiple

communities in South Africa to assist in the mathematical modelling of not only SARS-CoV-2

12



transmission, but also the transmission of other pathogens, and the impact of possible interventions

on transmission.

2.3.2. The role of social contact patterns in SARS-CoV-2 transmission

Close proximity interactions play an important role in the transmission dynamics of SARS-CoV-2 1461,
This necessitated the implementation of both physical distancing (keeping a physical distance of >2
meters from others) and social distancing (limiting the interaction opportunities with others) in the
NPI arsenal used globally to combat the spread of SARS-CoV-2. An Italian study showed the reduction
of contacts with the implementation of restrictions, which translated to a decrease in the SARS-CoV-
2 reproductive number %!, While mobility and contact survey data showed that the implementation
of NPIs led to a reduction in community contacts, for example, contacts at school, workplaces and
social settings 7?8 and in turn opportunity for infection, it increased household contacts 4.
Although households are a focal point for SARS-CoV-2 transmission °2°7), especially during peaks of
NPI restrictions when movement outside of the household is limited ®® and can in turn lead to spill
over to other households **, high-resolution household contact patterns have not yet been

investigated in the context of SARS-CoV-2 transmission.

2.4. Problem statement and justification for research

Social contact patterns are an important consideration when investigating the transmission of SARS-
CoV-2. In South Africa, a robust estimation of contact patterns within different communities and
households is lacking, and the linking of these contact patterns to SARS-CoV-2 transmission events is
poorly understood globally. To work towards filling this gap, we measured both household and
community contact patterns to assess the association of contact patterns with SARS-CoV-2

transmission, and also to add to the limited literature on contact patterns in South Africa.

To estimate the burden of SARS-CoV-2, the number of infections (i.e. community attack rates) and
the severity of these infections, need to be established, in essence building the burden of disease
pyramid. We estimated the number of SARS-CoV-2 infections in two communities using
seroprevalence and related this to hospitalizations and deaths. After gaining a better understanding
of the community attack rates and severity of SARS-CoV-2, we investigated the transmission
dynamics of SARS-CoV-2, focusing on the household as this forms a suitable environment to closely

track transmission and acquisition of the virus.

Understanding the community attack rates of SARS-CoV-2 and drivers of SARS-CoV-2 transmission in
the household, especially contact patterns, can help inform NPIs for future SARS-CoV-2 resurgences

and potentially possibly future emerging pathogens with pandemic potential. Furthermore, due to
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the high burden of HIV in sub-Saharan Africa, it is important to understand if there are differences in

SARS-CoV-2 transmission in PLWH compared to PNLWH.

2.5. Aim and objectives

The overarching aim of this thesis was to describe the SARS-CoV-2 community attack rates and
household transmission dynamics in PLWH and PNLWH and to assess the association of household
contact patterns with SARS-CoV-2 transmission. In the study performed before the SARS-CoV-2
pandemic (objective 1), we focussed on describing contact patterns, which could be used in future
studies for modelling transmission dynamics. In the studies performed during the SARS-CoV-2

pandemic (objectives 2-4), we described the burden and transmission dynamics of SARS-CoV-2.

1. To quantify within-household and community age-specific contact rates in a rural and an urban

community in South Africa, using a contact diary survey (before the SARS-CoV-2 pandemic)

2. To assess differences in SARS-CoV-2 community attack rates in PLWH and PNLWH and disease

severity across waves of the pandemic using seroprevalence

3. To determine the HCIR of SARS-CoV-2 in household contacts of index cases LWH and NLWH and
assess factors associated with transmission, acquisition, duration of SARS-CoV-2 positivity and

serial interval

4. To assess the association between contact patterns and the transmission of SARS-CoV-2 within

households

2.6. Conceptual framework

The basis of this study stems from the disease burden pyramid, where the main public health
endpoints usually measured (death, hospitalizations and diagnoses) form only the tip of the iceberg,
but transmission is driven by the bottom of the pyramid: infections (Figure 2). Especially for SARS-
CoV-2, this is important as the symptomatic fraction is small 3%, and reported case numbers are likely
an underestimate of the true burden. Furthermore, asymptomatic individuals can transmit the virus
1461 'which makes both symptomatic and asymptomatic infections important drivers of transmission.
For the second objective, we estimated the SARS-CoV-2 community attack rate using seroprevalence
in two communities, stratifying by age and HIV infection. This allowed us to estimate the bottom of
the pyramid, including all infections, irrespective of symptoms. From there we will assess the

proportion of infections resulting in hospitalization and death.
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Figure 2. The conceptual framework for community burden and transmission dynamics of SARS-
CoV-2. Factors influencing transmission are coloured based on the disease triad: environment
(orange); host (purple); and pathogen (teal). Contact patterns (blue) span both environment and
host, with non-pharmaceutical interventions reducing community contacts and increasing household
contacts. Both symptomatic and asymptomatic infections can lead to transmission, translating to the
force of infection in the community. Circled numbers (pink) refer to the objectives of this study listed
at the bottom of the figure.
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When considering the transmission dynamics of SARS-CoV-2, one has to consider the interplay of the
human host, SARS-CoV-2 (pathogen) and the environment in the disease triad (Figure 2). Community
transmission (bottom of burden pyramid) can be considered the force of infection for the
introduction of SARS-CoV-2 in the household. We will consider the force of infection to form part of
the environment category is we consider it from the perspective of an individual being exposed to
infections from their environment. Also included in this conceptual framework but not investigated
in this study is ventilation within indoor spaces visited, contact with fomites that could lead to
infection, crowding within the spaces visited within the environment and hygiene and sanitation
practices within the community. Following the introduction of SARS-CoV-2 in the household, one
needs to consider host demographics, social habits and underlying conditions (host category), along
with viral transmissibility (pathogen category), when considering the transmission from index cases
and the acquisition by household contacts, which in turn can seed community transmission &4, |n
the third objective of this study, we investigated the transmission dynamics of SARS-CoV-2 in the
household. When considering the interaction of the host within the environment, contact patterns
play an important role in transmission !, specifically considering that NPIs may be reducing contacts
in the community but potentially increasing contacts in the household %, As part of the first and last
objectives in this study, we described both community and household social contact patterns in two
communities before the pandemic (objective one), and the association of close-proximity events

within the household with SARS-CoV-2 transmission (objective four).

3. Methods

Data used for this thesis were generated from three different studies, summarized in Table 2 and
collection points indicated in Figure 3. Methodologies for each objective are summarized below and

detailed in the respective manuscripts included as appendices.

3.1. The PHIRST study: Measuring contact patterns using contact
diaries

The Prospective Household observational cohort study of Influenza, Respiratory Syncytial virus (RSV)
and other respiratory pathogens community burden and Transmission dynamics in South Africa (The
PHIRST Study) was a three-year study where 50 households at each of the urban (Jouberton, North
West Province) and rural (Agincourt, Mpumalanga Province) sites were enrolled and followed up for
10 months from 2016 through 2018, with nasopharyngeal swabs collected twice a week (irrespective
of symptoms) and tested on rRT-PCR for influenza and RSV. Since PHIRST was primarily aimed at
investigating the household transmission of influenza, households were eligible if there were >3 or

more household members, and if 80% of the household consented to be included in the study.
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Households with <3 household members would not have been effective to include considering the
minimum amount of data that could be added, and households where <80% of members were
included would have resulted in an incomplete picture for household transmission. Methods for the
PHIRST study are described in detail elsewhere %, For objective one of this thesis, to measure
contact patterns (done before the SARS-CoV-2 pandemic), we nested a cross-sectional contact survey
in the 2018 cohort from August through October 2018. We interviewed the 535 consenting study
participants about their time use and contacts encountered on one randomly assigned day of the
week. During the interview, we collected the age and sex of the person in contact with, if the contact
occurred in an enclosed space or not, whether there was physical contact, if the person contacted
was a member of the participant’s household, total time spent with the person during the day, where
the contact took place and how often the participant came into contact with the person. We
described self-reported contact rates as the median number of people contacted per day, assessed
differences in contact rates based on participant characteristics using quantile regression and
assessed differences in contact rates based on contact characteristics within age groups using a

Poisson model 101,

3.2. The PHIRST-C study: Measuring burden through seroprevalence

In light of the SARS-CoV-2 pandemic, the PHIRST cohort was approached and re-enrolled in 2020 in
the Prospective Household study of SARS-CoV-2, Influenza, and Respiratory Syncytial virus
community burden, Transmission dynamics, and viral Interaction in South Africa (PHIRST-C), also
described in detail elsewhere 2%, We enrolled 100 households at each study site and collected two
monthly blood samples from July 2020 through November 2021. For objective two of this thesis, we
determined previous SARS-CoV-2 infection by using the Roche Elecsys anti-SARS-CoV-2 assay (Roche
Diagnostics) to detect antibodies against the SARS-CoV-2 nucleocapsid protein. We considered a cut-
off index (COI) >1.0 as an indication of prior infection (i.e., seropositivity). We calculated
seroprevalence (by age and HIV status) by dividing the number of seropositive individuals by the
number of individuals tested and adjusted for assay sensitivity and specificity using a Bayesian model
as previously validated for SARS-CoV-2 and described 1%, To obtain credible intervals, Bayesian
inference with 10,000 posterior draws was performed %2, Using data from national SARS-CoV-2
surveillance, we divided the provincial surveillance laboratory-confirmed cases, hospitalizations and
deaths by the age-standardized seroprevalence estimates to calculate CIR, HIR, and in-hospital and
excess death FIR. The percentage under-reporting to national surveillance was calculated as 100 —
CIR. We compared the seroprevalence and ratios between sites and across the first three waves of

infection [103.104],
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3.3. SA-S-HTS: Investigating SARS-CoV-2 transmission dynamics

For objectives three and four of this thesis, we performed a case-ascertained prospective
observational household transmission study (The South African SARS-CoV-2 household transmission
study, SA-S-HTS). We screened for SARS-CoV-2 cases aged 218 years with symptom onset <5 days
before screening at primary public health clinics in Jouberton (North West Province) and Soweto
(Gauteng Province). We approached households of individuals who tested positive for SARS-CoV-2
with known HIV status, COVID-19 symptom onset <7 days before household enrolment and no
household members reporting symptoms in the 14 days before index screening. We enrolled 131
index cases and 457 household contacts and followed up the households for 6 weeks with thrice
weekly visits to collect nasal swabs for SARS-CoV-2 testing (irrespective of symptoms). For objective
three of this thesis, we calculated HCIR, episode duration and serial interval (stratified by households
where the index was LWH and NLWH) as described below:

Calculations used to determine household transmission dynamics
infected household contacts*

number of suceptable household contacts**

HCIR =

Episode duration = date of last positive swab — date on symptom onset

Serial interval = date of symptom onset in contact — date of symptom onset in index

HCIR: Household cumulative infection risk. *SARS-CoV-2 infection based on rRT-PCR on a nasal swab.
**Susceptibility based on seronegative baseline SARS-CoV-2 serology. If seropositive for SARS-CoV-2
antibodies with no positive swab, not included in the denominator, if seropositive with a positive
swab, included in numerator and denominator.

We opted to calculate HCIR instead of SIR, as there could have been more than one chain of
transmission within the household, and the methodology used in this study cannot account for this
and would lead to an over-estimation of the SIR. Although previous studies have opted to use only
clinical data (symptom onset and end dates) for the calculation of episode duration, the duration of
SARS-CoV-2 shedding could continue after symptoms have resolved [1°!. One advantage of our study
design is that we had the date of the last positive swab, and could therefore calculate the episode
duration up to the cessation of shedding. However, for the serial interval, we opted to use only
clinical data. Although we had the date of first positivity in the secondary cases, the date of first
positivity for the index was not known. We therefore only calculated serial intervals for symptomatic
secondary cases, using the date of symptom onset in the index to the date of symptom onset in the

secondary case.
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Table 2. Studies that contributed data to this thesis. Data included in the thesis indicated in bold

objective of
original study

PhD
contribution

Estimate the community
burden of influenza and RSV

Objective 1 (Quantify
within-household and
community age-specific
contact rates)

Random selection of

Estimate the community
burden of SARS-CoV-2

Objective 2 (Assess
differences in SARS-CoV-2
community attack rates by
HIV-infection and disease

severity across waves of the
pandemic)

Random (PHIRST +

face text
PHIRST PHIRST-C SA-S-HTS
. Prospective household Prospective household Prospective household
Design .
cohort study cohort study transmission study
Determine duration of
Primary shedding, temporal

variations in SARS-CoV-2
viral load, HCIR, serial
interval and antibody
responses by HIV-infection
Objective 3 (Determine HCIR
by index HIV- infection,
assess factors associated
with transmission) and 4
(Assess association between
contact patterns and
transmission of SARS-CoV-2
within households)

Selection households additional households) Case-ascertained
Sites Jouberton (urban, NW) and  Jouberton (urban, NW) and Jouberton (NW) & Soweto
Agincourt (rural, MP) Agincourt (rural, MP) (GP)
Period 2016-2018* 2020-2021 2020-2021
Sample size 50 households/site/year 100 households/site 60 households/site
At least 50% of households - Index case 218 years, no age
Age with at least one child <5 No age criterion for criterion for household
distribution additional households
years of age contacts
Follow-up** 10 months (synchronous) 13 months (synchronous) 6 weeks (asynchronous)
Contact Once off, 2018 None None
survey
Contact
2 weeks, 3 deployments None 2 weeks, 1 deployment
sensors
Viral
pathogens Influenza, RSV SARS-CoV-2, influenza, RSV SARS-CoV-2
tested for
Nasal swab
2x week 2x week 3x week
frequency
Serology .
Pre- - RSV fl
testing re- & post- RSV & influenza 2 monthly Baseline and 6 weeks
seasons
frequency
Ethics*** 150808 150808 M2008114
Protocol amendment, . . . .
. . Protocol review, project Protocol review, project
Candidate project management, . .
. management, training, data  management, training, data
role training, data management

& analysis

management & analysis

management & analysis

PHIRST: The Prospective Household observational cohort study of Influenza, Respiratory Syncytial virus and other
respiratory pathogens community burden and Transmission dynamics in South Africa.

PHIRST-C: The Prospective Household study of SARS-CoV-2, Influenza, and Respiratory Syncytial virus community burden,
Transmission dynamics, and viral Interaction in South Africa

SA-S-HTS: The South African SARS-CoV-2 household transmission study.

HCIR: Household cumulative infection risk

GP: Gauteng province, MP: Mpumalanga province, NW: North West Province.

*Only data from 2018 was used from the PHIRST study.

**Synchronous: Households enrolled and followed up at the same time; Asynchronous: Households enrolled and followed
up during different periods, i.e. staggered follow-up for a fixed period after the clinical presentation of the index case.
***University of Witwatersrand Human Research Ethics Committee reference numbers for original study protocol, overall
study protocol reference number: M191120.
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To assess factors associated with HCIR, we used logistic regression accounting for within-site and
household clustering using a mixed-effects hierarchical regression model. To assess factors
associated with a time-to-event analysis (serial interval and episode duration), we used a multilevel

mixed-effects survival model with Weibull accelerated failure time analysis.

During the first two weeks of follow-up, we deployed wearable proximity sensors to measure close-
range proximity events (face-to-face interactions) between household members. For objective four
of this thesis, we calculated the duration, frequency and average duration of close-range proximity
events of each household member with the SARS-CoV-2 index case. We assessed the association of
contact parameters with SARS-CoV-2 transmission using mixed effects logistic regression accounting
for index and household member characteristics. We also constructed contact matrices by combining
the median duration and frequency of close-range proximity events for all participants between each

age group, respectively.
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Figure 3. Timing of data collection relative to laboratory-confirmed SARS-CoV-2 cases (in
thousands) reported to Notifiable Medical Conditions Surveillance System (NMCSS), South Africa, 1
March 2020 - 30 September 2022. Data collection periods indicated as pastel-coloured areas for the
contact survey used for objective one (light yellow), serosurveys used for objective two (light blue),
and household transmission study used for objectives three and four (light grey). SARS-CoV-2 case
numbers?¥ shaded by variant which dominated the wave®.

Furthermore, we assessed factors associated with HCIR using logistic regression, and factors

associated with prolonged episode duration and serial interval using Weibull survival models %!, For
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objective four of this thesis, we described age-based household contact patterns and assessed the
association of the median number of contacts, the median duration of contacts, and the average
duration of contact events with the index case and all SARS-CoV-2-infected household members,
with the transmission of SARS-CoV-2. We used the Wilcoxon rank-sum test and logistic regression,
controlling for individual characteristics, to assess the association of contact parameters with SARS-

CoV-2 transmission (appendix D5).

3.4. Ethics

The overall study protocol for this thesis was approved by the University of the Witwatersrand
Human Research Ethics Committee (reference M191120). Written informed consent was obtained
from all study participants or their parent or legal guardian for children younger than 18 years, and
additional assent from children aged 7-17 years. Individual study protocols were also approved by
the University of the Witwatersrand Human Research Ethics Committee for the PHIRST and PHIRST-C
studies (150808) and the SA-S-HTS study (M2008114).

4. Results and Discussion

In this section, we highlight key results from the five manuscripts and discuss six overarching themes
in the context of SARS-CoV-2 burden and transmission. We start with how the availability of multiple
data sources allows for the estimation of disease burden, then move on to the household
transmission of SARS-CoV-2 and how study design needs to be considered when interpreting results
from these studies. We also discuss how contact patterns influence SARS-CoV-2 transmission, the
role of HIV in SARS-CoV-2 transmission, and lastly the importance of readily available data to make

evidence-based decisions during a pandemic.

4.1. Combining data sources to estimate the burden of SARS-CoV-2

During the SARS-CoV-2 pandemic, seroprevalence estimates proved to be crucial to monitor the
exposure of the population to the virus and planning for public health action. By collecting
longitudinal serology samples in two communities over the first three waves of infection (Figure 4),
before SARS-CoV-2 vaccination was widely available, we were able to monitor the seroprevalence of
SARS-CoV-2 antibodies after each of the Wuhan, Beta and Delta waves of infection, and observe the

different infection levels between two communities in South Africa (Figure 5) [103:104],

21



QU
-
O
-

180 1% 5% 7% 22% 26% 26% 39% 14% 22% 27% 36% 41% 49% 56%
Wave 2: Beta 180
160 5
. Wave 1: Wuhan o Wave 3: Delta 160 Wave 3: Delta
140 140 Wave 2: Beta

Wave 1: Wuhan

population
N B O
o © O o

: [

10

{ = § g
31-05
28-06 L_
26-07
23-08
2009
1312
17-01
14-02
14-03
11-04
06-06
04-07
01-08
29-08
26-09
24-10
2111 |
2405
21-06

19-07
16-08
13-09
11

08-11
06-12
10-01
07-02
07-03
04-04
02-05
3005
27-06
2507
2208
19-09
17-10
1411

09-05
Confirmed SARS-CoV-2 cases per 100,000

Confirmed SARS-CoV-2 cases per 100,000
population

2020 2021 2020 2021

Epidemiological week Epidemiological week
BD1  BD2 BD3 BD4  BD5 BD6  BD7 BD8 BDS BD1 BD2 BD3 ' BD4  BD5 BD6 BD7 © BD8 = BD9

Figure 4. Timing of blood collection, district SARS-CoV-2 weekly incidence and seroprevalence in all
ages during blood draw in a) a rural community and b) an urban community, March 2020 -
November 2021, South Africa. Lines indicate the period used for analysis, and coloured text above
each blood draw (BD) period shows SARS-CoV-2 seroprevalence in all ages during the draw. District
incidence based on laboratory-confirmed SARS-CoV-2 infections (reverse transcription polymerase
chain reaction) reported to National Notifiable Medical Conditions Surveillance System %4, The
epidemiological week is expressed as day-month of the week's starting date.

From 553 individuals in the rural community and 499 individuals from the urban community, we saw
seroprevalence at the first blood draw (collections up to 17 September 2020), to be only 1% (95%
credible interval [95% Crl] 0%—2%) in the rural community and 15% (95% Crl 12%—18%) in the urban
community (Figure 5). By looking at seroprevalence estimates from samples collected from 23
November through 12 December 2020 (blood draw 3), we were able to see how the rural community
had lower infection levels in wave one (7%, 95% Crl 5%—9%) compared to the urban community
(27%, 95% Crl 23%—31%), likely due to the isolated nature of the rural community. Furthermore, we
were able to monitor how this changed after the Beta-dominated (second) wave when
seroprevalence more than tripled in the rural community (26%, 95% Crl 22%—29%), likely due to the
influx of people during the December summer holidays, and the emergence of the Beta variant 1%,
After the Delta-dominated (third) wave, from samples collected from 22 March through 11 April

2021 (blood draw 5), we observed more similar estimates between the two communities, 60% (95%

Crl 56%—64%) in the rural community and 70% (95% Crl 66%—74%) in the urban community (Figure 5)

[104]

We could also describe the changing seroprevalence between age groups through the waves, and
how this differed between the two communities (Figure 5). At the end of the Wuhan-dominated
(first) wave, seroprevalence was highest in individuals aged 19-34 years in the rural community (12%,
95% Crl 4%-23%), and in those aged 35-59 years in the urban community %!, Although children
initially had lower attack rates (based on seroprevalence) in the Wuhan- and Beta-dominated waves,
by the end of the Delta-dominated (third) wave, the highest seroprevalence in both the rural and
urban community was in those aged 13-18 years, at 80% (95% Crl 70%-88%) and 83% (95% Crl 73%-

90%), respectively 104,
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Figure 5. SARS-CoV-2 seroprevalence at each blood collection, by age group, in a) a rural
community and b) an urban community, South Africa, March 2020-November 2021. Baseline
blood draw (BD1) collected 20 July — 17 September 2020; second draw (BD2) 21 September — 10
October 2020; third draw (BD3) 23 November — 12 December 2020; fourth draw (BD4) 25 January —
20 February 2021; fifth draw (BD5) 22 March — 11 April 2021; sixth draw (BD6) 20 May — 9 June 2021;
seventh draw (BD7) 19 July — 5 August 2021; eighth draw (BD8) 13—25 September 2021; ninth draw
(BD9) 15—27 November 2021. Error bars represent 95% credible intervals. Seroprevalence estimates
adjusted for the sensitivity and specificity of the assay.[**¥

Although the longitudinal serosurveys in the well-defined and characterized PHIRST-C cohort have
the advantage of being able to monitor infection trends over time, and to link this to rRT-PCR
confirmed infections, they come at great cost and with logistical challenges, which results in a smaller
sample size, and possible lack of generalizability both to other communities and to comparability

with other published studies. The diversity between just these two communities does highlight the

importance of serosurveys in different populations within different countries, especially in the early
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stages of a pandemic where exposure may still be low and containment efforts are still being
considered. Age-based seroprevalence estimates after each wave also allow for the identification of
age groups where exposure may have been low, and additional interventions (for example

vaccination) may be needed to reduce severe disease in naive populations.

As seroprevalence estimates increase due to wide-spread transmission, longitudinal surveys would
become even more important (compared to cross-sectional surveys) in distinguishing recent from
past infections. By comparing antibody levels between our first and fifth blood draws we saw that
93% of participants infected during the first wave remained seropositive after more than six months,
although we did not account for possible repeat infections within this period (3. The additional
advantage of a cohort with longitudinal seroprevalence studies is that antibody kinetics can be
investigated and analytic approaches or thresholds put in place to distinguish between previous and
recent infections. This has been done for the PHIRST-C cohort, where boosting of antibody levels was
used to infer re-infections during the Omicron wave in South Africa, and we found that the attack

rate for Omicron was around 60%, with more than half of infections being re-infections 7).

In additional to estimating the number of infections in a population, seroprevalence data can also be
leveraged to investigate the severity of a disease. We did this by comparing the seroprevalence
estimates from the PHIRST-C cohort to provincial surveillance data, to calculate CIR, HIR and FIRs. By
comparing hospitalization and fatality ratios to the number of infections rather than laboratory-
confirmed cases, more robust estimates can be obtained to assess the severity of disease, and also to
compare this across settings, countries and even other pathogens. We observed CIRs ranging from
3% to 5%, HIRs ranging from 0.4% to 3% and FIRs ranging from 0.1% to 0.7% across the first three
waves of infections and between the two communities (Figure 6) 1% F[Rs fall within the same
range as reported for Gauteng Province, South Africa (0.3% to 0.7%) *%, and all three estimates are in
line with global estimates of 7%, 1% and 0.4%, and sub-Saharan estimates of 0.7%, 0.6% and 0.2% for
CIF, HIR and FIRs 1%, South African CIR estimates are higher than for the rest of Africa, likely due to
higher testing capacity. Being able to calculate these ratios is only possible if both seroprevalence
and surveillance data are available, and highlights the importance of the routinely measured public
health endpoints and surveillance platforms. And beyond that, the availability of these data, and
collaborations between groups to be able to evaluate these crucial epidemiological parameters,
enable monitoring of potential changes in the severity of disease both at the beginning and through a
pandemic. For example, the seroprevalence estimates after the third SARS-CoV-2 were useful in

interpreting the lower severity of the fourth, Omicron BA.1/2-dominated wave in South Africa [10%110],
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Figure 6. SARS-CoV-2 a) case-to-infection (CIR), hospitalization-to-infection (HIR) and b) in-hospital
fatality-to-infection (FIR IH) and excess death fatality-to-infection (FIR ED) ratios in a rural and an
urban community during the first (Wuhan), second (Beta) and third (Delta) waves of infections,
March 2020 - November 2021, South Africa.

4.2. The household as an important setting for SARS-CoV-2

transmission

Transmission of SARS-CoV-2 occurs both within the community, for example at workplaces, schools,
social gatherings, and within the household. Although seroprevalence can be used to estimate the
community attack rate of SARS-CoV-2, it is difficult to study transmission dynamics on a community
level, as the study population would have to be very large. The household is therefore a convenient
unit to study transmission dynamics as it forms a micro-unit or contact network. Furthermore, while
NPIs are in place that reduce the number of contacts in the community, household contacts increase
14 making the household an even more important location for the transmission of SARS-CoV-2. From
our case-ascertained household transmission study (SA-S-HTS), including 131 index cases and 457
household contacts in two communities in South Africa, with a median household size of 5, we
observed a household cumulative infection risk of 59% 11%!, which is amongst the higher global
estimates reported so far °°.. This was likely due to the inclusion of only symptomatic index cases and
the fact that more than half of included households (68%) experienced crowding (more than two

people sleeping in one room) 31,

As with the influenza virus Y, age plays an important role in the transmission dynamics of SARS-
CoV-2 in the household. Index cases that were aged 35-59 years (aOR 3.4, 95% Cl 1.5-7.8) and 260
years (aOR 3.1, 95% ClI 1.0-10.1), compared to index cases aged 18-34 years, resulted in higher

household transmission. These individuals also had longer episode durations: 18.6 days (aOR 0.4,
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95%Cl 0.2-0.6) in index cases aged 35-59 years and 27.3 days (aOR 0.2, 95%Cl 0.1-0.5) in index cases
aged =60 years, compared to those aged 18-34 years who had a mean episode duration of 16.5 days.
Contacts aged 13-17 years (aOR 7.1, 95% Cl 1.5-33.9) and 18-34 years (aOR 4.4, 95% Cl 1.0-18.4)
compared to <5 years, had a higher risk of acquisition in the household. Lower acquisition in children
<5 years could be due to less interaction with infected household members, but this was not
investigated in our study. Contacts 35-59 years (aHR 0.3, 95% Cl 0.1-0.9) and 260 years 11 (aHR 0.2,
95% Cl 0.0-0.8), had longer serial intervals compared to those aged 18-34 years. The longer serial
intervals could be related to the longer episode duration in these age groups. The higher HCIR when
the index cases were older than 35 years, and contacts aged 13-34 years, can translate to spill-over
of infections to places of employment and acquisition in schools, further driving community

transmission 1961,

There was also an increased risk of transmission (HCIR) when index case minimum Ct values were
lower than 25 (as a proxy for high viral load, aOR 7.5, 95% Cl 2.2-26.0) compared to Ct>35 110,
Although Ct values cannot directly be used to infer the shedding of live virus and therefor potential
for transmission, infectiousness is likely higher when lower Ct values are observed. Results from the
PHIRST-C household cohort study showed that lower Ct values were also associated with
symptomatic illness 2%, We also observed longer episode durations when minimum Ct values were

lower (aHR 0.6, 95% Cl 0.2-0.9) [206],

Although our study, and other literature that became available recently, assist in better
understanding the transmission dynamics of SARS-CoV-2, there are still gaps that exist. Entering a
period where most of the population has already been exposed to the virus, or vaccinated, as evident
from the 97% seroprevalence estimates in South African blood donors in March 2022 2 we need to
better understand the role of the immunological response to infection, the timing of antibody
waning and how this relates to the risk of infection and severe disease. Studies so far have shown
that although newly emerged variants may be able to evade both natural- and vaccine-induced

(113,114 ' Re-infections were

immunity, individuals are still protected from severe disease and death
also found to result in lower household transmission compared to primary infections . However,

the longevity of this protection is still to be determined.

4.3. The influence of study design on the assessment of household

transmission

Due to the forced proximity of individuals within a household and the high number of interactions,
the household is a convenient environment to study the transmission dynamics of SARS-CoV-2. One
still needs to consider, however, how study design may influence measured outcomes, and keep this

in mind when interpreting results. A review by Tsang et al. describes how study design for influenza
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transmission studies may influence results, and highlights possible gaps and biases **°l. As we
performed two household transmission studies for SARS-CoV-2 with different study designs; one a
cohort study with a random selection of households (PHIRST-C) and the other a case-ascertained
household transmission study (SA-S-HTS) - we were able to compare findings between the two
studies. In the PHIRST-C study, households were selected at random from two communities and
followed up for 13 months, testing participants for SARS-CoV-2 twice a week using rRT-PCR on nasal
swabs, irrespective of symptoms. With this sampling frame, we could identify index cases (the first
person in the household testing positive for SARS-CoV-2) in both symptomatic and asymptomatic
individuals. The point of infection and transmission could also be determined at high resolution,
albeit within the 3-4-day gap between sample collection. In the case-ascertained SA-S-HTS study on
the other hand, we screened for SARS-CoV-2 infection at public health clinics in two different
communities and enrolled index cases who were the first person within their household to present
with COVID-19-compatible symptoms, with symptom onset <5 days prior. The household was then
enrolled within the next two days and followed up for six weeks, with thrice weekly SARS-CoV-2
testing, irrespective of symptoms. This results in the inclusion of only households with symptomatic
index cases, and due to the delay between symptom onset and presenting for care (up to five days)
and the further delay to household enrolment (up to seven days from initial symptom onset),
transmission could have already occurred at the point of household enrolment and contact testing,
so that transmission is rather calculated retrospectively than the prospective measurement of
PHIRST-C. These study design differences could have contributed to differences in measured

outcomes.

The generation interval (time between infection of the index to infection of contact) of 6.5 days in
PHIRST-C B% compared well with the 6-day serial interval (symptom onset in the index to symptom
onset in case) in our case-ascertained SA-S-HTS 1%, We observed a longer episode duration in SA-S-
HTS compared to PHIRST-C: 19 days %! compared to 12 days . This could be due to SA-S-HTS only
including symptomatic index cases, and the presence of symptoms was found to be associated with
longer episode durations in PHIRST-C 3%, We saw similar factors associated with transmission and
acquisition, although PHIRST-C had the additional advantage of showing high transmission risk from
children aged <5 years 3%, whereas the case-ascertained SA-S-HTS only included adult index cases.
The most notable difference was the HCIR estimates, with 58% in SA-S-HTS [*%! and 23% in PHIRST-C
1391, Even when considering the HCIR in only the community that overlapped between the two studies
(Jouberton, North West province), the HCIR was still higher in SA-S-HTS (55%) 1*°®! compared to
PHIRST-C (29%) B°. We hypothesize this was likely driven by the fact that index cases in SA-S-HTS
were not just symptomatic, but symptomatic enough to seek care. Although the presence of

symptoms was not associated with higher HCIR estimates in PHIRST-C B%, the severity of symptoms
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was not considered. A meta-analysis on SARS-CoV-2 household transmission did however find
increased transmission from symptomatic index cases 3\, In both studies, a lower minimum C; value
during the index episode was associated with increased HCIR %1%, |t was reassuring that this
association was still found in SA-S-HTS since the lowest possible C; value in the episode could have
been before seeking care, or between screening and household enrolment, and would have been

missed.

Although HCIR estimates from SA-S-HTS are more comparable with other published studies °,
PHIRST-C may be more representative of community-wide transmission dynamics, considering that
the largest proportion of infections are asymptomatic 2 and this will echo in most households.
However, a PHIRST-C study design is expensive and logistically challenging. While a case-ascertained
study design like SA-S-HTS lends itself to relatively easy case identification and shorter follow-up
periods, a study design such as PHIRST-C where households are randomly selected and followed up
for long periods enriches for a higher proportion of participants that are unemployed compared to
the community unemployment rates (35% vs 73% in rural and 30% vs 64% in urban community) 20,
In SA-S-HTS we specifically had difficulty in keeping individuals in follow-up when their quarantine
period was over and they had to return to work. So where the PHIRST-C study design may bias more
towards unemployed individuals, the SA-S-HTS study design may bias more towards individuals with
access to care, and who may be more likely to need a medical note or SARS-CoV-2 test results for
work. The true reflection within the community may be a mid-point between these two, but would
likely not be generalizable to other communities. But do we expect transmission dynamics to be
different based on employment status? Although community attack rates may be higher in those
who are employed (due to higher possible contact rates), estimates such as secondary attack rate
within the household, serial interval and duration of infection likely do not differ based on
employment status, as employment status was not associated with any of these outcomes for SA-S-

HTS.

A major limitation of the SA-S-HTS study design is the possible misclassification of the index case. The
classification of the index case in a case-ascertained study relies solely on who in the household
presented with symptoms first. If the true index case was asymptomatic, the presumptive index case
would be incorrectly classified. The PHIRST-C study design overcomes this by being able to identify
the (almost) exact point where the index became infected (or at least the point where the virus
became detectable in the nose). Both study designs also have a further complication: discerning the
secondary transmission chain from tertiary and quaternary transmission chains and further
introductions of the virus into the household from the community. For both the PHIRST-C and the SA-
S-HTS we relied on SARS-CoV-2 variant classifications to exclude households of mixed clusters, where

there may have been secondary introductions. The problem however, is that at the peak of an
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infection wave, while a dominant variant is circulating, there is a higher probability for the same
variant to be introduced within the household, rather than a different variant, and therefore only
relying on variant classification may not be sufficient. One may want to consider that multiple
introductions of SARS-CoV-2 into the household is a rare event, but this may not be the case while
the force of infection from the community is high (periods of high community circulation), and
further investigation of this occurrence would be needed. Both post-secondary transmission chains
and same-variant subsequent introductions into households were not considered in either PHIRST-C
or SA-S-HTS, but could theoretically be done with full genome sequencing data and the modelling of
transmission chains based on shedding viral kinetics. This has been done for the influenza virus 16!

and could be explored further in the future.

Another important consideration is the time and effort to setup a randomly selected prospective
household cohort. The implementation of the original PHIRST study took many months, with site
collaborators having a presence in these communities for years before, allowing better community
acceptance of the study. The extraordinary feat of getting PHIRST-C up-and-running within the first
four months of SARS-CoV-2 being detected in South Africa was thanks to the collaborations and
systems already in place due to the original PHIRST study that ran from 2016 through 2018. This
highlights the importance of collaborations, having access to previous cohorts and having protocols
and experience in place to initiate new studies were results are urgently needed. Even so, resources
would not always be available to do the perfect study, and therefore case-ascertained studies are still
useful. It is important, however, to understand the limitations of the study design, and to use context
from other settings and studies when interpreting the results, being careful not to overstate findings.
For example, in our case-ascertained SA-S-HTS, HCIR was very high, but this was not the situation for
all households in the community where the virus was introduced, but only those with symptomatic

medically-attended index cases.

4.4. Leveraging contact patterns to assess and predict SARS-CoV-2

transmission and to inform intervention strategies

We did not see an association between household contact patterns and SARS-CoV-2 transmission
(appendix D5). As described in the manuscript, there may be several reasons for this, including that
airborne transmission plays a larger role in household transmission, that contact rates are already so
high in the household that transmission would have occurred irrespective, that infection status is
rather determined by host factors, or due to study limitations. Firstly, we will further explore these

study limitations with possible solutions to improve the study design for future investigations.

Although the case-ascertained study design for SA-S-HTS ensured households were followed up for a

shorter period during which SARS-CoV-2 was circulating within the household, which reduced cost
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and simplified logistics as it would be difficult to deploy sensors for the long periods needed to
capture transmission events in a cohort study, it meant that there was a delay between the onset of
illness, and more specifically the point of the index case becoming infectious, to the time that the
household was enrolled. In our study, the median number of days from index symptom onset to
household enrolment was 3 days (range 1-7 days), but the risk of infection is highest just before
symptom onset ¥, which meant that most of the infections likely already occurred by the time that
we enrolled household contacts and started measuring contact events. There may not be a way to
circumvent this limitation in this study design for the collection of high-resolution contact patterns,
but a more simplified approach would be to interview household members at enrolment to collect
retrospective contact data, as done previously, mostly during contact tracing activities 3. This does

however have other limitations as well, including recall bias (Table 1).

If specifically wanting to consider high-resolution contacts as measured with proximity sensors, a
random selection of households with prospective follow-up and frequent testing, such as the PHIRST-
C study design may be more useful. The deployment of the sensors would have to be at the peak of
an infection wave where the probability of the introduction of the virus into the household is higher,
to reduce the time required for sensors to be deployed. Deploying sensors for extended periods can
be logistically challenging as battery changes are needed (M. Makhasi 2022, personal communication
22 June), compliance may reduce with extended deployments, and the higher risk of sensors being
damaged or lost increases (and with it all collected data), increases. On the latter point, headway is
being made to allow remote/wireless data transfer from the sensors to devices stationed in the
household that could mitigate this issue (C. Cattuto 2022, personal communication 11 January). One
option is to deploy the sensors at a single point during the follow-up period, irrespective if the virus is
circulating in the household at that time, and to use these contact data collected to infer contact
patterns when the virus is introduced in the household. The problem, however, is that contact
patterns may differ once infection status is known, based on seasonality (winter vs summer) or

during holiday periods.

Another consideration is to deploy sensors and measure transmission in other settings, such as
workplaces, schools and hospitals. Successful deployments of proximity sensors have been done in
all of these environments (%748 and with the addition of frequent rRT-PCT testing, can be used to
investigate SARS-CoV-2 transmission dynamics in these settings. These settings may also be a more
suitable environment in which to assess the association of contact events with the transmission, if
the reason for not detecting an association between contact patterns and SARS-CoV-2 in the
household was due to the high threshold of contacts in the household (as less frequent contacts are

expected in these settings than in households).
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Future studies making use of proximity sensors in the South African setting would also need to
consider some challenges that arose during our study. Before deployment, community engagement
was required to ensure the electronic devices (which have a blinking light) would not be considered a
threat to the local population which could lead to conflict for study participants. The deployment of
these sensors is resource intensive and requires a dedicated project manager who can work on a
Linux or Mac operating system and use command line coding for the formatting and timestamping of
sensors, as well as the download of data which could be a timeous process depending on the number
of sensors and duration of the deployment. The labelling of sensors and linking of sensors to
participant identifiers should be done with care and the utmost attention to detail. A dedicated field
team is needed to explain the study to participants in detail, obtain consent for participation, setup
the sensor by putting in the battery, check functionality and package the sensors before it is issued to
the participants. This cannot be done ahead of time as this will lead to the logging of nonsense
contacts. The packaging and method of wearing should be customized to the requirements of the
population. We made use of custom-designed polyvinyl chloride (PVC) pouches which are resistant to
perspiration and, to a limited degree, rain. Sensors were also placed in small plastic bags before
placing them in the PVC pouch to further protect the sensor from water. Although this worked to an
extent, some sensors (and data) were still lost due to water damage. Pouches were stapled shut to
prevent tampering by participants. Sensors can be worn as a badge pinned to the shirt on the chest,
or on a lanyard around the neck, depending on the preference of the participant. Compliance could
be a challenge and field teams need to visit participants at least every 2-3 days to confirm the
sensors are still being worn and to replace any non-functional sensors or batteries. The longer these
sensors are in the field, the higher probability for them to get lost or damaged, which would lead to

complete data loss.

Something important that was not considered in our study, was ventilation within the areas of
contact. This is especially relevant if aerosol transmission plays a greater role in the transmission of
SARS-CoV-2 in the household compared to droplet-mediated transmission, since aerosol
transmission would not need close-proximity contact. Although aerosol transmission of SARS-CoV-2
was initially only considered to be important in aerosol-generating procedures ¢!, more recent
studies have shown that airborne transmission is likely a major pathway for SARS-CoV-2 transmission
(481171 A modelling study simulating the risk of SARS-CoV-2 airborne transmission within a home
showed that the risk of infection to other household members was high even if the infected
individual was isolated in a separate room **8. Considering the likely importance of aerosol
transmission for SARS-CoV-2, ventilation is an important variable to measure and has been done for
TB studies [***!. By better understanding the role of ventilation in transmission dynamics, better

suggestions can be made to implement transmission mitigation strategies. Outside of the household,
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this could also assist in safely keeping workplaces, schools, restaurants and bars open during future

outbreaks of respiratory pathogens.

We were able to describe, albeit at a low resolution, contact rates and time use in both a rural and an
urban community in South Africa *°Y. In addition to this, we also measured high-resolution within-
household contact patterns (appendix D5). Contact rates are crucial for the parameterization of
transmission models, and may be very different between communities and different countries 2, |t
is therefore important to obtain estimates of local contact rates when doing modelling. In South
Africa, very limited contact data is available, and currently available estimates are from eight
Western Cape province communities °*%! and one community in the KwaZulu-Natal province . Our
study added two more communities, from two additional provinces for which contact data are

available.

As seen in previous contact surveys within South Africa ! and from around the world 2%, the
highest contact rates were observed amongst school-going children, observed in both our contact
survey including household and community contacts [*°) and the high-resolution within-household
contacts (appendix D5). However, the absolute number of contacts measured in our contact survey
was different from other contact rates from South Africa, and other countries. This highlights the
importance of having local contact rates available for transmission modelling. We have the additional
advantage of having high-resolution testing data for influenza, RSV, streptococcus and diphtheria for
this cohort, which will in future studies be used with the contact data to build transmission models.
Another consideration, however, is that contact patterns may not just be driven by the community
characteristics, but also by timing, specifically considering work or school days, holiday periods and
seasons. This highlights a limitation of our study where only one day was investigated for each
participant. A consideration for future contact surveys in our setting is to do longitudinal surveys,
instead of a cross-sectional study, still measuring a day at a time, but repeating this multiple times

during the year, ensuring the capture of different seasons, days of the weeks and holiday periods.

We described that the elderly, who are at risk for more severe disease *°®, have lower contact rates
than other age groups, and that most time spent in contact was at the home, but school-going
children have higher contact rates and many community contacts %Y. One of the approaches to
mitigate SARS-CoV-2 transmission was the closure of schools which resulted in major disruptions of
the education system, with a major toll on child well-being and economic impact on caregivers 2],
During the initial waves of infection, infection rates in children were low, with higher attack rates in
adults of working age, with more infections in children in subsequent waves as adults were already
exposed 1?2, Considering the social and economic cost of school closures, this is not a reasonable
control measure for outbreak situations, especially since the severity of illness is low amongst these

age groups %!, Control measures should rather focus on reducing transmission while keeping
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schools open through the use of NPIs, for example ensuring adequate ventilation in classrooms 23],
One control measure that has also been considered for the influenza virus 2%, is the possibility of
targeting those age-groups driving transmission i.e. children, for vaccination, and not those at risk for
severe disease, i.e. the elderly or those with underlying conditions. With many countries, and
especially South Africa now showing high seroprevalence estimates for SARS-CoV-2, the virus will
soon be considered endemic, and it will be important to establish which individuals are now the main
drivers of transmission, and consider these individuals for intervention strategies like vaccination.
The problem, however, is that current SARS-CoV-2 vaccines protect against severe disease, but show
lower effectiveness against infection, especially when considering newly emerged immune escape
variants and the waning of protection 121261271281 ‘making this a non-feasible option for SARS-CoV-2
until vaccines are available that are more effective against infection. Mucosal immunoglobulin A
(IgA) antibodies in the respiratory tract may be crucial to this but are not elicited from the injectable
vaccines currently in use for SARS-CoV-2. Intranasally administered vaccines like those that have
been developed for influenza, could overcome this problem [!?°!, and several candidates for SARS-

CoV-2 are currently in development 3,

4.5. The importance of not neglecting one epidemic when facing

another: SARS-CoV-2 and HIV co-infection

Initially, there was great concern about the effect that SARS-CoV-2 would have once introduced in
sub-Saharan Africa, especially considering the high burden of HIV ¢! and the possibility of increased
susceptibility and severity of illness in PLWH F7). It was therefore important to assess the effect of
HIV in SARS-CoV-2 transmission dynamics. Although we did not observe a difference in
seroprevalence between PLWH and PNLWH (aOR 1, 95% Cl 0.7-1.5) after adjusting for age and sex
[13] 'or an increased risk in transmission or acquisition within the household, we did find that index
cases LWH had longer episode durations at high viral load (aHR 0.4 95% ClI 0.1-0.9), and contacts
LWH had longer serial intervals (aHR 0.2, 95% Cl 0.0-1.4) %I, This could point to PLWH shedding the
virus for longer, which could in turn also lead to transmission outside of the household, with contacts
being susceptible to infection even when index cases may have been shedding the virus at a lower
viral load. Along with this, previous studies have also shown that PLWH that are infected with SARS-
CoV-2 are at higher risk for severe disease and death *°!. Longer episode durations in PLWH can also

lead to the evolution of new SARS-CoV-2 variants [131],

This underlines how crucial it is to maintain HIV testing and treatment programmes in the face of
other challenges that may place a major strain on the healthcare system. Although anti-retroviral
treatment (ART) dispensing did not seem to decline overall during the initial stages of the pandemic

in South Africa [*32, when considering data on the provincial level, some provinces did observe
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reductions.!®3 HIV testing and initiation into care also declined 3332, The SARS-CoV-2 pandemic also
had effects on TB programmes, with a drop in both testing and case detection rates during each
wave of infection, and modelling suggests that an increase in TB burden may follow the pandemic 4.
This underlines how healthcare programmes should not function in silos, even in the face of
healthcare emergencies, and that situations like the pandemic should rather be seen as an
opportunity to provide holistic care than shifting resources to one problem whilst creating a vacuum

somewhere else.

The similar HCIR in households with an index case LWH and not immunocompromised and
households where the index case was NLWH, may point to a similar risk of transmission from people
NLWH and people LWH that are on treatment and virally suppressed. However, we observed a signal
for higher household transmission if the index case was LWH and immunocompromised, although
this was not significant (aOR 2.5, 95% Cl 0.4-15.3) [2%], Based on our initial sample size calculations,
we planned to enrol 174 contacts exposed to a SARS-CoV-2 index case LWH, but we only managed to
enrol 103, even after extending the study period in the Soweto site. Sample size calculations were
based on the HIV prevalence in individuals with influenza-like illness, and the situation proved to be
very different in SARS-CoV-2, where the HIV prevalence was not as high as initially anticipated.
Adding to this, only a small proportion (14%, 4/28) of PLWH enrolled were immunosuppressed. To
effectively measure the difference in transmission between people NLWH and people LWH who are
immunocompromised, one would have to increase the sample size of the latter group. Enriching the
sample population with PLWH may be difficult. One option is to do screening at clinics providing HIV
testing and treatment, although this may again enrich the sample for asymptomatic cases, which will
then be a different population than PNLWH. If wanting to specifically enrich for PLWH that are
immunosuppressed, this may be even more challenging as these are the individuals that are probably
more reluctant to seek care. Once they do, they may be more likely to be hospitalized, which would
make the household unsuitable for enrolment in a household transmission study. In a South African
study looking at the shedding of SARS-CoV-2 in hospitalized patients, 40% were PLWH, and 37% of

these individuals were immunocompromised .

4.6. Generating data for action

Early in 2020 when the emergence of SARS-CoV-2 was classified as a PHEIC, there was a vacuum of
knowledge on the transmission dynamics of SARS-CoV-2. Initial estimates were based on the
behaviour of SARS-CoV and MERS-CoV, which were soon found to be different from SARS-CoV-2
(1331341 Thus a race began to generate and distribute results as quickly as possible to make informed
decisions on containment, transmission mitigation, and distribution of resources. Although on one

hand this made it challenging to do research as the landscape was constantly shifting, and adaption
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was needed as new information became available or variants emerged, on the other hand, it created
an environment for collaboration, transparency and sharing of data. Protocols were developed and
shared internationally for quick adaptation to local settings, allowing standardized collection of data
(351351 Fynds were made available for SARS-CoV-2 studies and genomic surveillance was prioritized as
variants emerged, something that was not done at this scale for other pathogens before 2020. No
longer was it possible to perform a study and release results only a year or two later. A shift occurred
for real-time data analysis and timely sharing of results through preprint servers, with all SARS-CoV-2
related publications made available as open access, and sharing of data directly with incident
management teams and policy makers. This was no different for the data generated in our study.
Seroprevalence estimates were shared as soon as available with the South African modelling
consortium 3¢ and along with results from transmission studies, to the South African SARS-CoV-2
incident management team and peers from around the world at WHO meetings. These data, along
with data generated from other studies, were used to model SARS-CoV-2 transmission, identify
target groups for vaccination, and plan for the gradual relaxation of interventions in South Africa.
Thanks to political interest, funding and collaboration efforts, there was likely more progress made in

two years for SARS-CoV-2 research than in a decade for many other pathogen:s.

Seroprevalence estimates, transmission parameters and contact rates are crucial for mathematical
modelling, which allows further assessment of transmission dynamics where studies are not feasible,
forecasting of disease burden to allow for planning and allocation of resources, and assessment of
the possible effect of interventions to reduce the transmission of SARS-CoV-2 107137138 |njtjal
strategies to control the spread of SARS-CoV-2 relied on extreme interventions to reduce the contact
between individuals and resultant transmission, leading to the lockdowns of complete populations in
some areas *7), Although initially appropriate to reduce the surge of infections and allow the
healthcare system to prepare, the downstream economic and social devastation caused highlighted
how these interventions should only be implemented in extreme circumstances and for short periods
(121 As data become available policies must be adapted in a timely fashion based on the evidence on
hand. Based on CIR from South Africa and elsewhere 1% as well as estimates on the small
symptomatic fraction of infections 3%, and the fact that most transmission occurs just before
symptom onset [5‘”, contact tracing and testing of symptomatic contacts was not an effective
containment measure in our setting, and although stopped in South Africa in February 2022 39 this
measure could have been abolished earlier to redirect resources elsewhere to assist in the

overburdened health system or other neglected health programs.

It is important to remember that pandemics are dynamic, and quick adaption is needed based on
evidence generated. For example, at the start of and outbreak, it may make sense to immediately

qguarantine all household members of contacts of a case, in an attempt to get ahead of the chain of

35



transmission. However, as widespread community transmission occurs, specifically in the case where
the virus has high rates of asymptomatic infection, and low hospitalization and death ratios in
otherwise healthy individuals, the priority should shift to protect those at risk for severe disease from
infection. With subsequent waves of infection and the uncoupling of infections from hospitalizations
and deaths [19%1%9 3| NPI can be relaxed, something that has been done in South Africa and globally,

albeit slower than possibly needed.

5. Limitations

Each study included in this body of work had inherent constraints. The contact survey used for
objective 1 had a smaller sample size than other published contact studies, and might not be
representative of the community. An offset, however, is that households were randomly selected,
and the cohort was very well described, with longitudinal virological data on influenza and RSV,
which will be combined in future studies for modelling transmission dynamics. We only measured
contacts for one day, and acknowledge that contact patterns will be different between different days
and periods. We opted for this approach to reduce bias from reporting fatigue. In future studies in
similar longitudinal cohorts, contact studies can be nested throughout the study period for different

days for each participant.

We had a relatively small sample size for our seroprevalence study compared to other published
seroprevalence studies. However, being a prospective cohort study, we were able to collect samples
from individuals over 16 months and track changes in seroprevalence over time. Households were
also randomly selected and we were able to include persons of all ages. This is a benefit over doing
seroprevalence studies from residual blood donor samples where one is faced with selection bias and
restricted to individuals 16 years and older, although seroprevalence studies from blood donor
studies are costly. A further limitation is that we did not calculate CIR, HIR and FIR by age, but rather

calculated age-adjusted estimates.

Lastly, as discussed in section 4.3, results from the case-ascertained household transmission study
would not reflect the transmission dynamics for SARS-CoV-2 in all households, but specifically in
households were index cases were symptomatic. It also becomes difficult in household transmission
studies to disentangle transmission chains, and all cases in household contacts may not have arisen
from the presumptive index case. The use of binomial models such as logistic regression (as in this
study) to calculate SIR has been criticized for not being able to distinguish between multiple chains of
transmission %%, hence the use of HCIR and not SIR in the current study. Future analyses of these

data can consider making use of longitudinal chain binomial models or pairwise survival analysis.
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6. Conclusion

In conclusion, we found that 95% of SARS-CoV-2 infections during the first three waves of infection in
two South African communities, were not reported to national surveillance and that when
considering the number of infections, HIRs ranged from 0.4% to 3%, and FIR from 0.1% to 0.7%. The
burden of SARS-CoV-2 is different between the urban and rural communities, and between age
groups through the successive waves of SARS-CoV-2 infection, but we did not see a difference
between SARS-CoV-2 seroprevalence between PLWH and people NLWH. We observed a high HCIR in
households with symptomatic adult SARS-CoV-2 index cases, with higher transmission from older
index cases, and higher acquisition by individuals aged 13-34 years %!, PLWH had longer episode
durations, and longer serial intervals, although this did not translate to a higher HCIR in households
where the index case was LWH 1%, We did not observe an association between household social
contact patterns and SARS-CoV-2 transmission but were able to generate high-resolution household
contact data (appendix D5), as well as community contacts in two communities in South Africa 104,
Age played an important role in social contact patterns, we observed higher contact rates in children

and the rural community. These data can be used for future infectious disease transmission

modelling for SARS-CoV-2 and other pathogens [,

Continuous monitoring of population SARS-CoV-2 seroprevalence will be important to monitor
immunity to the virus and to signal when vaccination campaigns would be needed to boost
population immunity. For this however, a standardized correlate of protection of SARS-CoV-2 should
be defined, for which research is already underway ***. Furthermore, it will be essential to monitor
changes in the severity of SARS-CoV-2 infection as the virus becomes endemic, but also as new
variants arise. The transmission dynamics of SARS-CoV-2 should also be monitored as it becomes

endemic.

Although hindsight is always easier than foresight, and it is simpler to make recommendations after
worse-case scenarios did not occur, the lessons learned in the SARS-CoV-2 pandemic must be
remembered and applied for future emerging pathogens and pandemics — something that is
predicted to occur more often. A crucial aspect still lacking is a full account of the impact that NPIs
had on the economy, education system and other sectors, and for studies to be done to determine
the long-term effects of these interventions. This will assist in making informed decisions in future
pandemics, weighing the full cost and benefit of these measures. We recommend continuing to build
on the collaborations initiated during the pandemic, and the expansion of techniques employed for
swift data generation and publication to be used in other research areas. Performing robust studies
to generate data for policies is crucial going forward, along with the quick adaption of policies once

solid evidence becomes available.
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8. Appendices

8.1. Appendix A: Role of the student

Objective 1 (Quantify within-household and community age-specific contact rates in a rural and an
urban community in South Africa using a contact diary survey before the SARS-CoV-2 pandemic)

Conceptualization of the study (in collaboration with colleagues)
Protocol development
o Procedures for the contact diary aspect of the PHIRST study
o Protocol amendment (PHIRST) to the ethics committee
o Developed data collection tools (contact and time use survey)
o Developed standard operating procedures
Managed logistics for fieldwork
Training of field workers to conduct interviews
Site visits to monitor fieldwork
Data management
o Development of all databases and data quality tools
o Weekly checks and liaising with sites for query resolution
Data analysis
o Identification of best-suited analytic approach (in collaboration with a statistician)
o Development of all analytic codes (Stata)
o Execution of analytic codes and interpretation of results
o Visualization of results
Manuscript preparation
Draft full manuscript
Liaising with co-authors for review and addressing all co-author comments
Submission to journal
Addressing the reviewer’s comments and resubmitting to the journal

O O O O

Review proofs

Objective 2 (Assess differences in SARS-CoV-2 community attack rates in PLWH and PNLWH and
disease severity across waves of the pandemic using seroprevalence)

Conceptualization of the study (in collaboration with colleagues)
Protocol review for adaption from PHIRST to PHIRST-C
o Study procedures
o Data collection tools
o Developed standard operating procedures
Assisted with the coordination of fieldwork for PHIRST-C
o Liaising with sites to ensure required consumables are available
o Planning of survey dates
o Arranging transport of specimens
Data management for PHIRST-C
o Development of all databases and data quality tools
o Weekly checks and liaising with sites for query resolution
o Uploading of results to databases
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Training for PHIRST-C
o Training of field staff on study procedures and database use
Data analysis
o Requests for data from DATCOV (hospitalization and deaths) and SAMRC (excess
deaths)
o Development of all analytic codes (Stata) except for adjusted seroprevalence
estimation (based on previously published analytic approach)
o Development of an Excel spreadsheet for the calculation of infection ratios
o Execution of analytic codes and interpretation of results
o Visualization of results
Manuscript preparation
Draft full manuscript
Liaising with co-authors for review and addressing all co-author comments
Submission to journal
Addressing the reviewer’s comments and resubmitting to the journal

O O O O

Review proofs

Objectives 3 & 4 (Determine the household cumulative infection risk (HCIR) of SARS-CoV-2 in
household contacts of index cases LWH and NLWH; and assess factors associated with
transmission, acquisition, duration of SARS-CoV-2 positivity and serial interval; and assess the
association between contact patterns and the transmission of SARS-CoV-2 within households)

Conceptualization of the study (in collaboration with colleagues)
Protocol development
o Review of procedures
o Review collection tools
o Developed standard operating procedures
Data management
o Development of all databases and data quality tools
o Running checks and liaising with sites for query resolution
o Uploading of results to databases
Training of field staff on study procedures and database use
o Training of proximity coordinator on deployment and data download of contact
sensors
Data analysis
Identification of best-suited analytic approach (in collaboration with a statistician)
Adaption of analysis codes (Stata) from a previous study for objective 3
Development of all analytic codes (R) for objective 4
Liaising with ISl foundation for the decryption and cleaning of contact sensor data

0O O O O O

Execution of analytic codes and interpretation of results
o Visualization of results
Manuscript preparation
Draft full manuscript
Liaising with co-authors for review and addressing all co-author comments
Submission to journal
Addressing reviewer’s comments and resubmitting to journal (objective 3 only)

0O O O O

Review proofs (objective 3 only)
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fit the Human Research Ethics Commitiee criteria.

7. GOOD CLINICAL PRACTICE
The South African Department of Heaith, Medicinas Control Council requires Good Ciinical Practice (GCP) Training
for al Investigators in Clinical Trials, and that GCP training be ranewed avery three (3) years.

As yet, there ara no National Guidelines for the content of GCP courses, Untll these are available the Wiks Human
dﬂuﬂ%ﬂh Committee (Medical) will note courses completad by Investigators without approval of the content
courses.

-8. THE SUPPORTING APPROVAL DOCUMENTS ARE ATTACHED:

Ethics Approval Farm signed by the Chairperson of the HREC - KMymmmmydmmmlfoﬂn
mwumwnwwwmonmowbrwm«m spplicatle with the initis!

-3.2 Protocol Review Committes Approval Signature page signed by the Acting Chairperson of the PRC,

gwdmmmmmuuunecmm-swnmmmsmcscoummovn

§. WE AWAIT YOUR RESPONSES AS REQUESTED: Ensure to have these documents forwarded at the earfiest

for the “REC records,

* MCC Approval letter and/or |etter of Notification before the above study may commence / or where an
Amendment may be Implemented (IF MCC APPROVAL / NOTIFICATION IS APPLICABLE]. It remains the
respansibity of the Princigal Investigator and/or Spansor to ensure that the relevant approvals are in place.

* Copy of Independant Ethics Declaration Approval Form signed by the Principal Investigater. (this is applicable
with the initial Approval).
~ Kindy forward the above to the undersigned at fax: 011 274 8281 al your earliest convanlence.
Floase ensure thet al Investigators have valid GCP tralning before participating in the above-mentiomed
study.
Noted: The study will not be conducted In any heaith care facllitles and does not require PRC clearance.
The site will apply for provincisl ethics clearance on receipt of Wits HREC eclearance.
The above has bean notad for the Ethics Committes information and reccrds,

KINDLY FORWARD YO THE RELEVANT INVESTIGATORS / CRA/

SPONSOR/ CO-ORDINATORS - WHERE APPLICABLE

Regards, (3

lendmhdnlfolannm Research Cthics Commitiee: (Medical)
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8.3.3. Inclusion of SARS-CoV-2 in PHIRST (PHIRST-C)

UNIVERSITY OF THE HUMAN RESEARCH ETHICS
WITWATERSRAND, COMMITTEE (MEDICAL)
JOHANNESBURG
20 May, 2020

Prof. C. Cohen/Dr J. Moyes

Mational Institute of Communicable Diseases

Sandringham)

Sent by E mail to: cherylc@nicd.ac.za; jossmoyes@gmail.com

Dear Praf Cohen and Dr Moyes

Protocol Ref No's-

M150808:

Protocol Title: Prospective Household study of Influenza and Respiratory Syneitial virus
community burden, Transmission dynamics and viral interaction in South Africa (the
PHIRST Study)

M160GET:

Protocol Title: Essential communicable diseases surveillance and outbreak investigation
activities of the NICD

I refer to your HREC application dated 7 May, 2020, in which an amendment is sought for your
study entitled “Prospective Household study of Influenza and Respiratory Syncitial virus community
burden, Transmission dynamics and viral interaction in South Africa®, Ethics clearance M150808.
This amendment will include additions in the context of the SARS-CoV-2 pandemic.

| confirm that the HREC, Medical finds the study to be covered within the scope of the blanket
clearance granted to the NICD under clearance M180667, this being valid until 17% July, 2021,

I would request with the present submission that you amend the Information leaflet 1: consent fior
adults (page 8) with regards to ensuring confidentiality as indicated (see attached); and also
provide an assent form for children to sign or provide a mark where capable. Please provide copies
of the amended documents to the HREC, Medical. Please also be aware that M150808 will expire
in August, 2020 and will require a short progress report and motivation for renewal.

Yours sincerely

Clement Penny (PhD)
Chair HREC (Medical)
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8.3.4. PHIRST-C re-certification

\v(
UNIVERSITY OF THE &
WITWATERSRAND,

» Human Research Ethics Committee: (Medical)
] OHANNESBURG FWA Registered No IRB 00001223

SECRETARIAT: Suite 189, Private Bag x2600, Houghton 2041, South Africa Tel: +27-11-274 9200 Fax: +27-11-274 9281

28 August 2020 EMAILED

Prof C Cohen,
Centre Head: Epidemiology

Centre for Respiratory Diseases & Meningitis
National Institute for Communicable Diseases
a division of the National Health Laboratory

1 Modderfontein Rd Sandringham

2193

Email: cherylc@nicd.ac.za

Dear Prof Cohen,

PROTOCOL: PHIRST - A PROSPECTIVE HOUSEHOLD STUDY OF SARS-COV-2, INFLUENZA, AND
RESPIRATORY SYNCYTIAL VIRUS COMMUNITY BURDEN, TRANSMISSION DYNAMICS AND VIRAL
INTERACTION IN SOUTH AFRICA (THE PHIRST-C STUDY)

ETHICS REFERENCE NO: 150808
RE : RE-CERTIFICATION OF CLINICAL PROTOCOL

We acknowledge receipt of your letter dated 27 August 2020 with the following documentation pertaining to the
above-captioned trial.

This is to certify that the above-mentioned trial was initially reviewed by the University of the Witwatersrand,
Human Research Ethics Committee (HREC): on 28 August 2015 and Approved on 30 September 2015.

The re-certification application for the above-mentioned trial has been reviewed at the HREC meeting dated:
28 August 2020 and is hereby re-certified until the next HREC meeting dated 27 August 2021.

The University of the Witwatersrand, HREC Initial Approval Granted for the above mentioned study is valid for
five years. Where required by Sponsor to have approval on a more frequent basis it remains the responsibility of
the Sponsor and Investigator to apply for continuing review and approval, or for the duration of the Trial.

PLEASE NOTE: - ANNUAL REVIEW :

- Re-certification Applications require formal review and renewal by the Full HREC at the monthly meetings

- Two copies of Re-certification Applications Forms required for circulation to HREC to be tabled as Agenda item
- As per the OHRP Guidelines:

- The date of annual Re-certification will be 1(one) year after the date of the convened meeting where the study
was initially reviewed. Re-certification must occur within 1(one) year of the date of the meeting

- The Re-certification dates will not reflect against the protocol amendment approval dates.

Expiry: Expiry Date: 27 Aug 2021
The above has been noted for the Ethics Committee information and records.
KINDLY FORWARD TO THE RELEVANT INVESTIGATORS /CRA/ SPONSOR/STUDY CO- )

ORDINATORS - WHERE APPLICABLE
ds, _...,;
/6/ i

PROF CLEMEN E
For and on behalf of the Human Research Ethics Committee: (Medical)

Regar

60



8.3.5. SA-S-HTS clearance

UNIVERSITY OF THE é
WITWATERSRAND, 7
JOHANNESBURG

HUMAN RESEARCH ETHICS
COMMITTEE (MEDICAL)

Professor C Cohen, et al

School of Public Health and

National Institute for Communicable Diseases
Sandringham

Sent by e-mail to: Sibongilew@nicd.ac.za

Dear Dr Walaza

Re: Protocol Ref No: M2008114

2020/12/24

Protocol Title: Household transmission of SARS-CoV-2 from HIV-infected and HIV-

uninfected adult index cases in South Africa

Principal Investigator: Professor C Cohen, et al

Thank you for your letter of 2020/12/07.

I confirm that the amendments listed therein, which are too numerous to repeat here, have

been noted and approved.

Thank you for keeping us informed.

Yours Sincerely

...................................................................

Mr | Burns

For the Human Research Ethics Committee (Medical)

1617y

Br CB Penny, Chai , Human Resear'c.t'{ Ethics Committee (Medical)

Works2000/1ain0007/Acknowledge.docx
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Abstract

Background: Describing contact patterns is crucial to understanding infectious disease transmission dynamics and
guiding targeted transmission mitigation interventions. Data on contact patterns in Africa, especially South Africa,
are limited. We measured and compared contact patterns in a rural and urban community, South Africa. We
assessed participant and contact characteristics associated with differences in contact rates.

Methods: We conducted a cross-sectional study nested in a prospective household cohort study. We interviewed
participants to collect information on persons in contact with for one day. We described self-reported contact rates
as median number people contacted per day, assessed differences in contact rates based on participant
characteristics using quantile regression, and used a Poisson model to assess differences in contact rates based on
contact characteristics within age groups. We also calculated cumulative person hours in contact within age groups
at different locations.

Results: We conducted 535 interviews (269 rural, 266 urban), with 17,252 contacts reported. The overall contact
rate was 14 (interquartile range (IQR) 9-33) contacts per day. Those <18 years had higher contact rates at the rural
site (coefficient 17, 95% confidence interval (95%Cl) 10-23) compared to the urban site, for those aged 14-18 years
(13, 95%Cl 3-23) compared to < 7 years. No differences were observed for adults. There was a strong age-based
mixing, with age groups interacting more with similar age groups, but also interaction of participants of all ages
with adults. Children aged 14-18 years had the highest cumulative person hours in contact (116.3 rural and 76.4
urban).

Conclusions: Age played an important role in the number and duration of contact events, with children at the
rural site having almost double the contact rate compared to the urban site. These contact rates can be utilized in
mathematical models to assess transmission dynamics of infectious diseases in similar communities.

Keywords: Contact diaries, Urban, Rural, Infectious disease modelling
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Introduction

Contact patterns within communities impact disease
transmission and may inform development of interven-
tions to reduce transmission [1]. To evaluate the impact
of both pharmaceutical and non-pharmaceutical inter-
ventions on disease transmission, mathematical models
are utilized when intervention studies may be unethical
or too expensive to perform [2]. Mathematical modelling
results are only as reliable as the data used for paramet-
rization and the validity of the assumptions made. Dis-
ease transmission models usually require accurate age-
related contact patterns [3].

Although sub-Saharan Africa has the highest burden
of infectious diseases globally, [4] data on contact pat-
terns within the region are limited, making modelling in-
fectious disease transmission challenging [5]. Contact
studies have been carried out in Kenya, [6, 7] Uganda,
[8, 9] Senegal, [10] Zimbabwe [11] and South Africa [12,
13]. The South African studies were performed in Cape
Town communities, and it is unknown how contact pat-
terns reported in Cape Town compare to other South
African communities.

The Prospective Household cohort study of Influenza,
Respiratory Syncytial virus and other respiratory patho-
gens community burden and Transmission dynamics in
South Africa (PHIRST study) was a three-year, randomly
selected, household-level community cohort study con-
ducted at two sites, from 2016 through 2018 [14]. The
primary objectives of the study were to estimate the
community burden of and assess the transmission dy-
namics of influenza, respiratory syncytial virus (RSV),
Bordetella pertussis and Streptococcus pneumoniae
colonization. To better understand the role of contact
patterns on the transmission of these organisms, we
nested a contact diary study in the final year of the
PHIRST study.

We aimed to measure and compare contact patterns
in a rural and an urban community in South Africa
using interviewer completed contact diaries, and to as-
sess participant and contact characteristics that influence
differences in contact rates.

Methods

Study population

From August to October 2018, participants in a pro-
spective household cohort study in two sites were in-
vited to participate in the contact survey. One hundred
and seventeen households, 56 households with 282 par-
ticipants at the rural site, and 61 households with 285
participants at the urban site, were included. In short,
PHIRST was a three-year household-level community
cohort study conducted in a rural community in Bush-
buckridge Municipality (Mpumalanga Province) and an
urban area in the Matlosana Municipality (North West
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Province) from 2016 through 2018. A random selection
of approximately 50 households were enrolled each year
from 2016 through 2018. The rural site formed part of a
health and socio-demographic surveillance site (HDSS)
at the Medical Research Council (MRC)/University of
Witwatersrand Rural Public Health and Health Transi-
tions Research Unit, Agincourt. At the rural site, a list of
households with 3 or more members were requested
from the HDSS and at the urban site, a list of 450 global
positioning system (GPS) coordinates within the Jouber-
ton geographical area was generated. Households from
these lists were approached sequentially and were eli-
gible for enrolment if it consisted of 3 or more house-
hold members (sharing at least 4 meals a week) and >
80% of household members consented to participant in
the study. As part of the main study, households were
visited twice weekly for 8—10 months for collection of
upper respiratory specimens, symptom and healthcare
consultation information from all participating house-
hold members. Sample size calculations for the cohort
study were based on the primary objective that focussed
on transmission dynamics of influenza and RSV, and
was based on 10% risk of infection, with 95% confidence
intervals and 5% precision [14].

Data collection
We interviewed participants of the PHIRST study once
to ascertain information on all the persons they were in
close contact with for one day. For each participant’s
contact diary, we collected age (or age group if age in
years was unknown: <7, 7-13, 14-18, 19-64, or > 65
years); sex; if contact occurred in enclosed space or not;
and whether there was physical contact for each person
contacted on the day. We also ascertained if the contact
was a member of the participant’s household; total time
spent with the contact during the day (<5 min, 5-14
min, 15-59 min, 1-4h, >4h); where the contact took
place (home, school, work, transport or other) and how
often the participant came into contact with the person
(daily/almost daily, once or twice a week, once or twice
a month, less than once a month, or never met before).
We assigned each household a random day of the
week to measure contact events. Fieldworkers visited
each household the day prior to the measurement day to
explain study procedures to all household members.
Fieldworkers informed participants of what information
would be collected, provided a blank notebook and pen
and encouraged participants to make notes that might
be of use during the interview. The day following the
measurement day, the field worker visited the household
again and conducted an interview with each participant
to complete the contact survey (Additional file 4). A
time use survey was completed at the same time to assist
with recall of contacts. If the entire household or a
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participant within the household was not available for
interview on the selected day, a more convenient day
was chosen, based on the age distribution of individuals
allocated to the days of the week, giving preference to
ensure that there were children aged <5 years and eld-
erly individuals >65 years allocated to each day of the
week. The investigation spanned from 14 August — 14
October and 2 August — 26 September at the rural and
urban site, respectively. There were 2 public holidays
within this period, which were not investigated for any
participants. The school holiday was from 29 September
— 8 October, in which period no investigations were
done, except for 9 surveys from the rural site performed
on the first day of the holiday which fell on a Saturday.
We collected both contact events within the household
and the community using the contact diaries and cap-
tured data on a REDCap database [15, 16].

Contact classification and contact rates

We investigated contact rate as the primary outcome,
which we defined as the median number of people con-
tacted per day per group (based on characteristics of the
study participant such as age, sex, etc.). A contact was
defined as a two-way conversations of at least three
words at a distance not requiring voices being raised (<
2 m between individuals), with or without physical con-
tact, or where physical contact took place without con-
versation. We further classified contacts as physical and
non-physical, where physical contacts included kissing,
touching, or hand shaking.

We analyzed the data using Stata 14.2 (StataCorp, Col-
lege Station, Texas, USA). We accounted for within-
household clustering using the Taylor-linearised vari-
ance estimation (“svy” Stata function) when calculating
contact rates. Ninety-five percent confidence intervals
for median contact rates were obtained using the ‘epc-
tile’ function. Stratified contact rates are only presented
where data were available for four or more participants
within the stratum.

Participant characteristics associated with contact rate

To assess differences in contact rates based on partici-
pant characteristics, or day investigated, we used quan-
tile regression, with 500 bootstrap replications and
accounting for clustering at site and household level
[17]. Quantile regression allows univariate and multivari-
able comparison of percentiles (including medians) be-
tween groups or categories [18]. This analytical
approach was selected a priori due to the right skewed
nature of contact data. Contact events are not normally
distributed, but rather follow a power-low distribution
where several individuals have few contacts and a few
have large numbers of contacts [19], making the use of
linear regression unsuitable for the analysis of contact
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events. The quantile regression model outputs a coeffi-
cient that quantifies the increase/decrease in median
number of contact events for each category of the evalu-
ated predictor when compared to the reference category.
Predictors were first assessed on univariate analysis, and
those with a p-value of < 0.2 were included in multivari-
able analyses. We did separate analysis for children (aged
0-18 years) and adults (=19 years). We assessed site, age,
relationship to head of household, sex, if day investigated
was a weekday (Monday-Friday) or weekend (Saturday/
Sunday), day of the week investigated and HIV status.
For adults we also assessed education, employment, al-
cohol consumption, and cigarette smoking. Backwards
elimination was done by excluding categories with the
highest p-values until all remaining predictors had a p-
value of < 0.05.

Age-related mixing patterns and contact characteristics
associated with differences in contact rates

To investigate age-related mixing patterns, we calculated
the total number of contacts each age group had with a
specified age group (<7, 7-13, 14-18, 19-64 and > 65
years) and then calculated the proportion of contacts
with that age group out of total contacts for the day.

To assess differences in contact rates based on the
characteristics of the contact (contact type, contact with
a household member, duration of contact, frequency of
contact and location of contact), we utilized a Poisson
model for each age group described above. Lack of over-
dispersion was assessed using a negative binomial model,
hence a Poisson model was retained for the analysis.

Cumulative person hours in contact

As a secondary outcome, we estimated the total time
spent in contact with persons. We assigned a minute
value to each category of total time spent with the con-
tact, based on the mid-point for the first 4 categories,
and the lower point for the last. We assigned: <5 min =
2.5, 5~14 min = 7.5, 15-59 min = 30, 1-4h =120, >4 h =
240. For each age category and location, the contact took
place we calculated cumulative person hours in con-
tact = (summed total minutes for each contact / partici-
pant in age category)/60. Since contact could have been
with multiple people simultaneously, the time spent in
contact could be more than the 24-h reporting period.
Where more than one location was selected for the con-
tact, the time spent counted towards both locations.

Results

Study population

We conducted 535 interviews from August through Oc-
tober 2018, representing 95% of the 2018 PHIRST co-
hort (N =565), of which 269/280 (96%) were conducted
in the rural, and 266/285 (93%) in the urban site
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(Additional file 1). The average household size was five in-
dividuals at each site (range 3—11 at the rural site; 4—10 at
the urban site). There were more females (# = 337, 63%) in-
cluded than males. Most adults were unemployed (127/225,
56% Additional file 2). The most common relationship to
the head of the household was being their child (165/423,
39%), followed by being a grandchild (91/423, 22%).

Contact rates

Overall, 17,252 contacts were reported by 535 partici-
pants, of which 59% (10,304) were reported from the
rural site. Many individuals reported a low number of
contacts and few individuals reported a high number of
contacts. The overall contact rate was 14 (IQR 9-33,
Fig. 1, Additional file 2), with the highest number of
contacts from one participant reported as 153. There
were 58/269 (21.6%) participants at the rural site and
20/266 (7.5%) at the urban site that reported more than
50 contacts for the day. We observed a higher contact
rate at the rural site compared to the urban site (21, IQR
11-46 vs 12, IQR 7-18, p =0.001). The highest contact
rate was observed in children aged 14—18 years, with a
contact rate of 22 contacts (IQR 12-91) per day (Fig. 1,
Additional file 2). For both sites, higher contact rates
were reported for Wednesdays and Thursdays (Add-
itional file 2).

Participant characteristics associated with contact rate
Using quantile regression (median difference) site, age
and day of the week investigated were found to be
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associated with differences in contact rates for children
(aged <18years, Table 1). There was a higher contact
rate at the rural site compared to the urban site (coeffi-
cient 17, 95% CI 10 to 24). Compared to those < 7 years
old, children 7-13years and 14—18years had a higher
contact rate (9, 95% CI 4-14 and 13, 95% CI 4-22).
Compared to Saturdays, there were more contacts on
Wednesdays (18, 95% CI 4-32) and Thursdays (12, 95%
CI 1-23). HIV status was not associated with number of
contacts for children or adults. For adults there were no
factors associated with number of contacts on multivari-
able analysis (Table 2).

Age-related mixing patterns and contact characteristics
associated with differences in contact rates

There was a strong age-based assortment (mixing), with
age groups interacting with similar age groups, but also
a higher interaction of participants of all ages with other
adults (Fig. 2).

Using Poisson regression, we found children aged <7
years were more likely to have contact with children
their own age (risk ratio (RR) 8.2, 95%CI 5.8—-11.6) than
those aged >65years, to have contact with the same
people daily (RR 16.1 95%CI 6.7-38.7) compared to once
or twice a month, and to have longer contacts (>4 h, RR
2.9 95%CI 1.9-4.4) compared to those lasting <5 min
(Table 3). Children aged 7-13 and 14-18years had a
similar contact profile, except for being more likely to
have contact with household members (RR 1.3 95%CI
1.2-14 and RR 1.2 95%CI 1.1-1.4, respectively) than
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Table 1 Participant characteristics associated with differences in
median number of people contacted for participants <18 years,
South Africa, 2018

Univariate Multivariable

Coefficient ~ 95% ClI Coefficient ~ 95% ClI
Site
Rural 15 3to 27 17 10 to 24
Urban Reference - Reference -
Age
<7years Reference - Reference -
7-13 years 6 1to 11 9 410 14
14-18 years 7 —7 10 21 13 410 22
Relationship to head of household
Grandchild 1 -11t0 13
Child 2 -10to 14
Other child* Reference -
Gender
Male 2 —4t08
Female Reference -
Type of day investigated
Weekend day ~ Reference -
Weekday 12 31021
Day of week investigated
Monday 5 —1to 11 1 -71t09
Tuesday 7 —41t018 2 -7t 11
Wednesday 35 710 63 18 4t032
Thursday 27 1110 43 12 11023
Friday 9 —6to 24 Omitted** -
Saturday Reference - Reference -
Sunday 3 0to6 1 —4t06
HIV Status
Negative Reference -
Positive 5 —28 to0 38

95% Cl - 95% confidence interval

*QOther child - Includes relationships of participants younger than 18 years to
the head of household (n): brother (10), sister (11), wife (1), cousin (5), niece
(6), nephew (9), other relative (10), not related (2)

**omitted because of collinearity

non-household members, and those aged 14—18 years
being less likely to have contacts of 1-4 h duration (RR
0.6 95%CI 0.5-0.8) compared to contacts lasting <5
min. Adults aged 19-64 years also had shorter contacts
and were less likely to see people daily compared to once
or twice a month (RR 0.3 95%CI 0.2-0.3). Adults =65
years were more likely to come into contact with some-
one they never met before (RR 5.8 95% CI 1.8-18.9)
than someone they see once or twice a month, and less
likely to have contacts at home (RR 0.3 95%CI 0.2-0.4)
than in public transport (Table 3).
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Cumulative person hours in contact

A total of 339.8 and 257.5 cumulative person hours in
contact were reported for the rural and urban site, re-
spectively. Children aged 14-18years at both sites had
the highest cumulative person hours in contact (116.3h
rural and 76.4 h urban, Fig. 3 and Additional file 3). For
children between 7 and 18 years the most person hours
in contact were at school (75.9-116.3h). Children <7
years at the rural site spent more time at school (47.1 h)
compared to home (17.4h), whereas those at the urban
site had 12.4 person hours in contact at school and 20.0
person hours in contact at home. Adults (19-64 years)
had most of their person hours in contact at home (rural
17 h, urban 17.8 h) or another location (rural 13.7 h and
urban 11.5h). The elderly (=65 years) had the lowest
number of person hours in contact of all the ages, most
being at home (rural 13.4'h, urban 19.8 h). The elderly at
the urban site had the highest person hours in contact
during transport (7.4 h) than other ages.

Discussion

In this study including participants from randomly se-
lected households, site, age and the day of the week were
independently associated with differences in contact
rates in children <18 years, estimated with contact diary
survey data representing > 17,000 contacts. We observed
higher contact rates among participants in the rural site,
among children aged less than 14 years and on Wednes-
days and Thursdays. Children reported seeing the same
individuals daily, whereas adults and the elderly had
more variation in how often they were in contact with
the same individual.

The difference contact rates observed between the
rural and urban site (21 and 12, respectively) in our
study is in contrast to what was seen in Zimbabwe
where individuals at the urban site had a greater number
of contacts than the rural site (median of 11 vs. 10, re-
spectively). Although the number of contacts at the
urban site for both South Africa and Zimbabwe was
similar, there was a lower number of contacts at the
rural site in Zimbabwe compared to South Africa. This
could also be influenced by cultural, household compos-
ition and geographical differences between the sites. We
observed that these differences were driven by children.
The contact rate recorded in a prior study of the Cape
Town community in South Africa was more comparable
to the rural site, with 20 in Cape Town compared to 21
contacts at the rural and 12 at the urban site in our
study [13].

A contact study performed in rural Uganda found the
mean number of contacts per person as 7, [8] and in
Kenya 18 contacts were observed per day, the trend of
having more contacts in a rural setting compared to a
semi urban setting was also observed [6]. This highlights
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Table 2 Participant characteristics associated with differences in
median number of people contacted for participants > 18 years,
South Africa, 2018 (Continued)

Univariate Univariate
Coefficient 95% Cl Coefficient 95% Cl
Site HIV Status
Rural 2 O0to4 Negative 1 0to?2
Urban Reference - Positive Reference -
Age 95% Cl - 95% confidence interval
* Other adult - Includes relationships of participants 18 years and older to the
19-64 years 2 Oto4 head of household (n): brother (7), sister (7), wife (19), husband (4), cousin (1),
265 years Reference _ niece (4), nephew (2), other relative (3), not related (4)
Relationship to head of household
Head of home 3 117 the variability that can be observed in contact rates
barent Reference - between different settings, and most likely the under-
lying culture and social-demographic situation may
Grandchild 3 319 dictate contact rates, but could also be attributed to
Child 3 -1t 7  differences in study methods. Surveys where partici-
Other adult* 2 —2t06  pants are informed in advance of information that
Gender will be collected generally results in less recall bias,
Male 0 12 and self-completed contact diaries can allow a large
Fermale Reference - sample size as less interviewers are needed, but have
a lower response rate [20].
Type of day investigated We observed a strong age-based mixing pattern as
Weekend day 2 Oto4 with many prior contact studies, [6, 11, 21] which was
Weekday Reference - most pronounced for the 14 to 18year old age group.
Day of week investigated The highest contact rate was observed in children, espe-
Monday 1 _3105 cially those of primary school age (7—13 years). This also
Tuesday : o4 holds true for studies done in Britain, [22] China, [21]
Kenya [6] and Zimbabwe [11]. Certain age groups were
Wednesday 3 ~17" also more or less likely to have contact with other age
Thursday 2 —2106  groups, have contact with individuals for certain dura-
Friday Reference - tions and frequencies and have contacts at certain loca-
Saturday 4 0108 tions. This information can be useful when looking at
Sunday 3 117 targeted intervention strategies to reduce disease trans-
Education mission in specific age groups, for example providing
transport for the elderly where safe physical distancing
No schooling 2 Oto4 .
can be practiced.
Primary ! -lto3 The cumulative person hours in contact was also high-
Some secondary Reference - est in children and dominated by school contacts.
Completed secondary 2 0Oto4 Schools have previously been described as a focal point
Post-secondary 3 117 for contact and transmission events for respiratory vi-
Employment ruses [23-25]. School closure has been shown to reduce
influenza transmission — whether done so for holidays
Employed 2 Oto4 or in response to an outbreak [26—28]. However, the im-
Unemployed Reference - plementation of reactive school closures is challenging,
Drinking alcohol and comes at a social and economic cost [28]. Adaption
No 2 1103 of schools to accommodate physical and social distancing
Ves Reference B is a promising alternative [29]. During the coronavirus dis-
smoking cigarettes ease 2019 (COVID-19) pandemic, school closures were
also used as part of a multi-faceted approached to curb
No 2 13 the spread of the Severe acute respiratory syndrome cor-
Yes Reference -

onavirus 2 (SARS-CoV-2), [30, 31] although it seems that
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specifically for SARS-CoV-2, schools may not be a specific
driver for transmission [32].

Sex, education status, employment, alcohol use and
smoking cigarettes were not found to be independent
factors associated with number of contacts in our
study. Employment was found to influence the number
of contacts in Britain, but was also dependent on type
of employment [22]. A previous study within a South
African community in Cape Town found differences in
contact rates based on employment status and level of
education, although different methods were utilized
[13]. A greater number of contacts was observed for
employed individuals, and those with secondary school
education [13]. The high proportion of study partici-
pants which were unemployed, and low proportion
with secondary education in our study may have contrib-
uted to not observing differences between these groups.
This also limits the generalizability of our results to other
communities.

Our study had limitations. Compared to other contact
surveys preformed, we had a smaller sample size which
could lead to results not being representative for the com-
munity. The advantage however is that households were
randomly selected. The characterization of contact pat-
terns in the PHIRST cohort will also be used in future re-
search on influenza transmission patterns in these
households. We only surveyed one day per participant
and therefore cannot describe variability in day-to-day
contacts by individual participants. We used this sampling
frame to prevent fatigue and subsequent reduction in re-
ported number of contacts as seen in other studies [33].
We were not able to measure differences in holiday and
non-holiday periods. Relationships within the households
were complex and capturing function within the house-
hold (breadwinner, child-caregiver, etc.) might have led to
differences in contact rates, but the information was not
collected for the PHIRST cohort. As a general limitation
of the contact survey, we could have missed some contact
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Table 3 Contact characteristics associated with differences between contact rates within age groups, South Africa, 2018

Risk ratio (95% confidence interval)

All ages <7 years 7-13 years 14-18 years 19-64 years >65 years
Type of contact
Physical 1.2 (1.1 to 1.2) 1.5 (1.4 to 1.6) 1.0 (09 to0 1.0) 0.8 (0.7 to 0.9) 09 (09 to 1.0) 0.3 (0.2 to 0.4)
Non-physical Reference
Age of contact
< 7years 6.1 (5.5 to 6.8) 8.2 (5.8 to 11.6) 0.6 (0.4 to 0.8) 0.5 (0.3 to 0.8) 0.3(0.2t0 0.3) 0.3 (0.1to00.7)
7-13 years 8.5 (7.7 to 9.5) 2.9 (2.0 to 4.1) 3.5 (2.7 to 4.4) 0.4 (0.2 to 0.6) 0.2(0.2t00.2) 04 (0210 1.0
14-18 years 6.7 (6.0 to 7.5) 0.6 (0.4 to 0.8) 1.8 (1.4 to 2.4) 6.3 (4.4 to 9.1) 0.2 (0.2to 0.3) 0.2 (0.1 to 0.5)
19-64 years 11.9 (10.7 to 13.2) 1.2 (0810 1.7) 09 (0.7 to 1.1) 1.9 (1.3 to 2.8) 09 (08 to0 1.0) 1.3 (061t029)
265 years Reference
Gender of contact
Male Reference
Female 12(17t01.2) 1.0 (09 to 1.1) 0.8 (0.8 t0 0.9) 1.0 (09to 1.1) 1.2 (1.1 to 1.3) 1.1 (08 t0 1.5
Not reported 0.1 (0.1 t0 0.1) 14 (1.2t0 1.7) 04 (0.3 to 0.5) 12 (09to 1.5) 13 (1.1to 1.6) NEO
Contact is household member
No 3.9 (3.7 to 4.0) 09 (08 to 1.0) 1.3 (1.2 to 1.4) 1.2(1.1to14) 0.8(0.8t00.9) 0.4 (0.3 to 0.5)
Yes Reference
Total time spent with contact during the day
<5m Reference
5-15m 25(2.2t02.9) 13(08to 2.1) 14 (1.0to 2.1) 08 (06to 1.1) 09 (08to 1.1) 06 (0.2 to 1.8)
15m-1h 8.7 (7.7 t0 9.9) 2.0 (1.3 to 3.1) 1.6 (1.1 to 2.2) 08 (06 to 1.1) 0.8 (0.7t00.9) 08(03t022)
1-4hts 16.8 (14.8 to 19.1) 2.9 (1.9 to 4.5) 2.5 (1.8 to 3.5) 0.6 (0.5 to 0.8) 0.5(0.4t006) 0.7(03to017)
>4h 22.1 (19.5 to 25.0) 2.9 (1.9 to 4.4) 2.3 (1.6 to 3.2) 10 (0.7 t0 1.3) 0.4 (04t00.5) 05(02t013)

Frequency of contact
Daily/almost daily
Once or twice a week
Once or twice a month
< 1amonth

Never met before
Location of contact
Home

School

Work

Transport

Other

34.6 (30.8 to 38.8)

5.7 (5.1 to 6.5)
Reference

0.7 (0.6 to 0.9)
1.8 (1.6 to 2.1)

3.6 (3.3 t0 3.9)
8.2 (7.7 to 8.8)
0.8 (0.7 to 0.8)
Reference

5.1 (4.7 to 5.5)

16.1 (6.7 to 38.7)
5.5(2.2to 13.3)

0.8 (0.2 to0 3.5)
3.9 (1.5 to 10.0)

12 (1.0t 1.5)
1.5 (1.2 to 1.8)

No observations

0.8 (0.6 to 1.0)

8.9 (4.9 to 16.1)
4.4 (24 to0 8.1)

04 (0.1t0 13)
4.5 (2.4 to 84)

2.1 (1.6 to 2.8)
3.7 (2.8 to 4.9)

0.0 (00 to 0.1)

2.2 (1.7 to 2.9)

14 (1.0 to 2.0)
13(09to0 1.9)

No observations

0.5 (0.3 to 0.8)
1.1 (08 to 1.5)
2.6 (2.0 to 3.5)

0.0 (00 to 0.1)

12 (091to0 1.7)

0.3 (0.2 to 0.3)
0.7 (0.6 to 0.8)

12(1.0to 14)
0.8 (0.7 to 0.9)

0.8 (0.7 to 0.9)
0.1 (0.1 t0 0.1)

20 (1.7 10 2.3)

09 (08 to 1.1)

08 (0310 27)
24 (0810 79)

05 (0.0 to 44)
5.8 (1.8 to 18.9)

0.3 (0.2 to 0.4)
No observations

0.0 (00 to 0.1)

0.1 (0.1t00.1)

Cells indicate risk ratio with 95% confidence interval in parenthesis. Reference group chosen as category with least number of contacts when combining all ages,
except where lowest number were in a category where some age groups have zero contacts, then second lowest used (frequency)

events, especially in younger children and shorter contacts
due to recall bias. We believe by employing the time-use
survey to guide participants and interviewers through the

day, missed contact events would have been reduced.

Conclusions

We used contact diaries to describe the contact patterns
in a rural and urban South African community. Age

played an important role in the number and duration of
contact events, with children having the highest contact
rates; most of this contact time occurred at school. Chil-
dren at the rural site included in our study had almost
twice the contact rate than children from the urban site,
and contact rates also differed based on day of the week.
Our results, compared to previous studies, highlight how
contact rates may differ based on the setting, and this
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Fig. 3 Cumulative person hours in contact reported by age, location and site, South Africa, 2018

could influence results when building transmission
models. These data will be useful when building infectious
disease models in similar communities to assess transmis-
sion dynamics and possible intervention strategies. A
specific approach to explore would be interventions
to reduce contacts, and therefore disease transmission,
within schools.
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Rural Urban
N =280 N =285
Withdrew
N =7 (2.5%)
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N =2 (0.7%)
Withdrew
N =19 (7%)
Died B
N=1(0.7%)
Not interviewed
N=1(0.7%)
Contact diaries Contact diaries
N = 269 (96%) N =266 (93%)

Additional file 1. Study population for contact survey at rural and urban site, South Africa, 2018



A cross-sectional study measuring contact patterns using diaries in an urban and a rural
community in South Africa, 2018

Jackie Kleynhans, Stefano Tempia, Meredith L. McMorrow, Anne von Gottberg, Neil A. Martinson, Kathleen Kahn,
Jocelyn Moyes, Thulisa Mkhencele, Limakatso Lebina, F. Xavier Gomez-Olivé, Floidy Wafawanaka, Azwifarwi
Mathunjwa, Cheryl Cohen for the PHIRST group

Table. Description of study population and contact rates at rural and urban site, South Africa, 2018.

95%Cl — 95% confidence interval

NEO — Not enough observations, contact rate only calculated for strata with 4 or more participants.

NA — Not applicable, the number of participants who reported smoking at the rural site were only 3, and therefore contact rate could not be
calculated. We therefore also did not calculate the overall contact rate.

Other adult — Includes relationships of participants 18 years and older to the head of household (n): brother (7), sister (7), wife (19), husband
(4), cousin (1), niece (4), nephew (2), other relative (3), not related (4).

Other child — Includes relationships of participants younger than 18 years to the head of household (n): brother (10), sister (11), wife (1),
cousin (5), niece (6), nephew (9), other relative (10), not related (2).

Overall Rural Urban

Participants Contactrate  Participants Contactrate Participants Contact rate

(%) (95%Cl) (%) (95%Cl) (%) (95%Cl)
Overall 535 (100) 14 (13-15) 269 (100) 21 (14-28) 266 (100) 12 (11-13)
Age
<7 years 134 (25) 15 (12-17) 86 (32) 19 (11-27) 48 (18) 9 (7-11)
7-13 years 122 (23) 21 (15-27) 60 (22) 32 (19-45) 62 (23) 17 (12-21)
14-18 years 56 (10) 22 (8-35) 32 (12) 49 (27-70) 24 (9) 15 (5-24)
19-64 years 208 (39) 12 (11-13) 85 (32) 16 (9-23) 123 (46) 11 (10-12)
>65 years 15 (3) 8 (4-12) 6(2) 7 (3-11) 9(3) 9 (0-18)
Household role
Head of home 112 (21) 13 (10-15) 56 (21) 13 (10-15) 56 (21) 10 (8-12)
Parent 10 (2) 9 (6-11) 1(0) NEO 5(2) 9 (6-12)
Grandchild (18 years or older) 12 (2) 12 (1-22) 3(1) 12 (1-22) 9 (3) 12 (2-22)
Child (18 years or older) 40 (7) 12 (8-16) 18 (7) 12 (8-16) 22 (8) 12 (9-15)
Other adult 51 (10) 11 (10-12) 14 (5) 11 (10-12) 37 (14) 11 (9-13)
Grandchild (younger than 18 years) 91 (17) 17 (13-21) 48 (18) 17 (13-21) 43 (16) 12 (8-16)
Child (younger than 18 years) 165 (31) 18 (14-22) 94 (35) 18 (14-22) 71(27) 15 (12-18)
Other child (younger than 18 years) 54 (10) 16 (2-30) 35 (13) 16 (2-30) 19 (7) 11 (8-14)
Sex
Male 198 (37) 15 (13-17) 95 (35) 26 (14-38) 103 (39) 13 (12-14)
Female 337 (63) 14 (13-15) 174 (65) 21 (15-27) 163 (61) 11 (10-12)
Type of day investigated
Weekday 364 (68) 13 (11-15) 170 (63) 16 (13-19) 194 (73) 10 (8-12)
Weekend day 171 (32) 16 (13-18) 99 (37) 33(23-42) 72 (27) 13 (12-14)
Day of week investigated
Monday 81 (15) 14 (12-16) 24(9) 34 (22-46) 57 (21) 12 (10-14)
Tuesday 76 (14) 14 (12-16) 32 (12) 15 (5-24) 44 (17) 13 (10-16)
Wednesday 47 (9) 29 (9-49) 29 (11) 51 (29-73) 18(7) 19 (9-29)
Thursday 103 (19) 21 (11-31) 58 (22) 42 (32-51) 45 (17) 13 (9-17)
Friday 57 (11) 13 (7-19) 27 (10) 20 (5-35) 30(11) 12 (7-16)
Saturday 94 (18) 13 (10-16) 56 (21) 16 (14-18) 38 (14) 11 (7-15)
Sunday 77 (14) 12 (9-15) 43 (16) 16 (7-25) 34 (13) 9 (7-11)

Education level
<18 years 310 (58) 17 (14-20) 177 (66) 28 (18-38) 133 (50) 13 (11-15)



None

Primary

Some secondary

Secondary completed

Post-secondary

Employment

Employed

Unemployed
<18 years

Alcohol use

No

Yes

<15 years
Smoke cigarettes

No

Yes

<15 years

18 (3)
45 (8)
95 (18)
64 (12)
3(1)

98 (18)
127 (24)
310 (58)

148 (28)
116 (22)
271 (51)

221 (41)
43 (8)
271 (51)

12 (6-18)
13 (6-20)
11 (10-12)
13 (8-18)
NEO

17 (14-20)
13 (11-15)
11 (9-13)

14 (11-17)
11 (10-12)
17 (14-20)

NA
NA
NA

14 (5)
20(7)
22(8)
36 (13)
0 (0)

32 (12)
60 (22)
177 (66)

92 (34)
19 (7)
158 (59)

108 (40)
3(1)
158 (59)

12 (-1-25)
26 (14-38)
12 (9-14)
22 (11-32)
NEO

28 (18-38)
18 (7-29)
13 (6-20)

20 (11-29)
11 (-1-23)
27 (17-37)

NEO
NEO
NEO

4(2)
25 (9)
73 (27)
28 (11)

3(1)

66 (25)
67 (25)
133 (50)

56 (21)
97 (36)
113 (42)

113 (42)
40 (15)
113 (42)

NEO
9(5-13)
11 (9-13)

12 (10-14)

NEO

13 (11-15)
12 (11-13)
9(7-11)

13 (9-16)
11 (10-12)
13 (11-15)

11 (9-13)
12 (9-14)
13 (11-15)
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Table. Cumulative person hours in contact reported by age, location and site, South Africa, 2018.

*Total number of contacts per group / number of participants in group

Cumulative person hours in contact / average number of contacts* (hours per contact)

Rural Urban
<7 years 7 - 13 years 14 -18years 19-64years 265 years <7 years 7 - 13 years 14-18years 19-64years 265 years
17.4/6.0 19.0/6.8 18.1/7.2 17.0/6.6 13.4/5.3 20.0/6.0 18.5/6.1 14.8/5.8 17.8/5.8 19.8/5.8
Home
(2.9) (2.8) (2.5) (2.6) (2.5) (3.3) (3.0) (2.5) (3.0) (3.4)
47.1/18.1 50.0/28.1 86.2/41.7 1.2/2.2 124/7.7 47.0/24.7 46.2 /30.5 3.0/16
School
(2.6) (1.8) (2.1) (0.6) (1.6) (2.9) (1.5) (1.9)
8.7/3.2 0.3/18.5 5.7/0.0
Work (2.7) (0.0) (698.7)
0.3/0.7 03/0.4 15/1.4 1.9/43 1.4/1.0 07/19 0.1/04 1.1/1.7 7.4/5.7
Transport
(0.5) (0.9) (1.2) (0.4) (1.5) (0.4) (0.2) (0.6) (1.3)
e 7.7/6.0 18.7/11.6 10.5/9.8 17.3/17.6 34/23 4.0/2.0 9.9/5.9 15.1/6.8 11.5/7.9 16/11.7
(2.3) (1.6) (1.1) (1.0) (1.4) (2.0) (1.7) (2.2) (1.5) (0.1)
All 72.6/30.8 88.1/46.9 116.3/60.2 46.1/33.8 16.8/7.7 37.7/16.6 75.9/38.6 76.4/62.0 38.2/17.0 29.2/23.1
(2.4) (1.9) (1.9) (1.4) (2.2) (2.3) (2.0) (1.2) (2.2) (1.3)
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Appendix

Contact Diary

Time use survey




Initials of interviewer:

Day of week:

Date of investigated day:

DOB:

PHIRST Study: Contact Diary Study ID:

of

Notes

(not captured)

Page

If group of people of

same age, sex and

number of people

30

If caregiver, provide Study ID:

[ ] Participant[ ] Caregiver

How often do you have contact with this person in general?

Never met | contact type, add

Daily/al- 1/2 times a 1/2 times a
week

most daily

<1a month
before

month

Oosjogogbooogouooouoooooooooooooooon

tobobouooodobooobogobogobooooobobouooodgonot

Hobobouooodoogobogobogobuuoooboouooodgood

Ooboooooobooobouboobooboobooboobotooooooobobon

EEO0000000000000000Oooooooooooooooono

all that apply)

Other

Trans-
port

Ooooouoobooooouooooooooooooooooooono
Oosouoobooogouoooooooooooooooooono
Ooboooooobooobouboobooboobooboobotooooooobobon
Oebouooboooooubooooboobooooooooooooboboon
SO00000000o0ouboooobooboooobooooooooboboon

Total time spent with person [Where did you have contact? (tick

during whole day

5-

15m-

1-4hrs >4 hrs|Home School Work

15m 1hr

<5m

NOO00O00O0OOoooooooooooooooooooooooono
Opbodooooooouoooooooooooooooooono
Ooboooooobooooubooboobooboooobooooooooboboon
Oosjouoobooogouooooboobooooooooooooboboon
Ooboooooobooooubooboobooboooobooooooooboboon

Who was interviewed?

Date of interview:

No

Yes

Oepsodoooooooiooooooooooooooooooono
O000000O00O00Oooooooooooooooooooono

Did you touch| Member of

his/ her skin? | household?

No

Yes

Oepsododoooooooooooooooooooooon
O00ouoouyouygoonygobobouuouooouooodood

Did you talk?

No

Yes

pEO000o00ogogouooouoboooooooooooooooon
Oosjogogbouogouooouooboooooooooooooooon

In enclosed

space?

No

Yes

O0oouooudooygoonygobobouuouooouooodgood
OesjOojodouogouooouooboooooooooooooooon

Gender

E

M

O0oouooudooygoonygobobouuouooouooodgood
OesjOojodgouogouooouooooooooooooooboooon

Age
(or range*) in

years

*Age ranges: 0-6y, 7-13y, 14-18y, 19-64y, or 65-100y.

Date Checked:

Form checked by:



Initials of interviewer:

PHIRST Study: Contact Diary Study ID: DOB: Date of investigated day: Day of week:

Date of interview: Who was interviewed? [ |Participant[ | Caregiver If caregiver, provide Study ID:
o o o o o o o o o o o o o o o o o o o o o o o o
(=) o o o o [=) [=) o [=) (=) o (=) [=) o o [=) o [=) o o (=) (=) o (=)
S o I 1) < n ) ~ © =) S - I o) < 3 o ~ & ) S o N 2
o o o o o o o o o o - - -l -l -l - - - -l L] o~ o~ o~ ~

Location of activity

Home

Someone else’s home

Church

School

Place of work

Shebeen/pub/bar

Shop/Market

Vehicle/Taxi/Bus

Other public area

Personal

Sleep/rest

Bathing/dressing

Eating

Running errands

Household

Cooking

Shopping

Housekeeping

Tend to children

Work/Education

Work

School

Looking for work

Free time

Reading

Socializing

Sport

Television

Mobile phone

Smoke break

Tea/coffee break

Playing

Other activities

Travelling

Practicing religion

Form checked by: Date Checked:
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SARS-CoV-2 Seroprevalence in
a Rural and Urban Household
Cohort during First and Second
Waves of Infections, South Africa,
July 2020-March 2021

Jackie Kleynhans, Stefano Tempia, Nicole Wolter, Anne von Gottberg, Jinal N. Bhiman,
Amelia Buys, Jocelyn Moyes, Meredith L. McMorrow, Kathleen Kahn, F. Xavier Gomez-Olivé,
Stephen Tollman, Neil A. Martinson, Floidy Wafawanaka, Limakatso Lebina, Jacques du Toit,

Waasila Jassat, Mzimasi Neti, Marieke Brauer, Cheryl Cohen, for the PHIRST-C Group'

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infections may be underestimated because of
limited access to testing. We measured SARS-CoV-2 se-
roprevalence in South Africa every 2 months during July
2020—-March 2021 in randomly selected household co-
horts in 2 communities. We compared seroprevalence to
reported laboratory-confirmed infections, hospitalizations,
and deaths to calculate infection—case, infection—hospital-
ization, and infection—fatality ratios in 2 waves of infection.

he first laboratory-confirmed case of corona-
virus disease (COVID-19) in South Africa was
reported on March 5, 2020, and the country has
since experienced 2 waves of COVID-19, the first
peaking in July 2020 and the second in January

Author affiliations: National Institute for Communicable Diseases
of the National Health Laboratory Service, Johannesburg, South
Africa (J. Kleynhans, S. Tempia, N. Wolter, A. von Gottberg,

J.N. Bhiman, A. Buys, J. Moyes, W. Jassat, M. Neti, C. Cohen);
University of the Witwatersrand, Johannesburg (J. Kleynhans,
S. Tempia, N. Wolter, A. von Gottberg, J.N. Bhiman, J. Moyes,
C. Cohen); Centers for Disease Control and Prevention, Atlanta,
Georgia, USA (S. Tempia, M.L. McMorrow); Influenza Program,
Centers for Disease Control and Prevention, Pretoria, South
Africa (M.L. McMorrow); MRC/Wits Rural Public Health and
Health Transitions Research Unit (Agincourt), University of the
Witwatersrand, Johannesburg (K. Kahn, F.X. Gémez-Olivé,

S. Tollman, F. Wafawanaka, J. du Toit); Perinatal HIV Research
Unit, University of the Witwatersrand, Johannesburg

(N.A. Martinson, L. Lebina); Johns Hopkins University Center for
TB Research, Baltimore, Maryland, USA (N.A. Martinson);
Ampath Pathology, Pretoria (M. Brauer)

DOI: https://doi.org/10.3201/eid2712.211465

3020

Post-second wave seroprevalence ranged from 18% in
the rural community children <5 years of age, to 59% in
urban community adults 35-59 years of age. The second
wave saw a shift in age distribution of case-patients in the
urban community (from persons 35-59 years of age to
persons at the extremes of age), higher attack rates in
the rural community, and a higher infection—fatality ratio in
the urban community. Approximately 95% of SARS-CoV-2
infections were not reported to national surveillance.

2021 (1). Across Africa, the second wave was more
severe than the first (2), and specifically in South
Africa, higher weekly incidence, hospitalizations,
and deaths were reported for the second wave,
compared with the first (3-5). The second wave in
South Africa was coupled with the emergence of a
new variant of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), B.1.351, also known
as 501Y.V2 or Beta (6).

South Africa reported >1.6 million laboratory-
confirmed cases by mid-May 2021 (3), but many cases
go undiagnosed because of mild or absent symptoms
or the lack of (or reluctance to access) care or test-
ing. Data on the proportion of persons with serologic
evidence of prior SARS-CoV-2 infection are critical
to assess infection rates, calculate infection-hospi-
talization ratios (IHRs) and infection-fatality ratios
(IFRs), compare infection prevalence between waves
of infection and to guide public health responses (7).
SARS-CoV-2 seroprevalence is higher in close con-
tacts of case-patients and at-risk healthcare workers
and lower in persons <20 years of age or >65 years

'Additional members of the PHIRST-C group who contributed to
this manuscript are listed at the end of this article.
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of age, with no differences based on sex (8). Whether
HIV infection increases the risk for SARS-CoV-2 in-
fection is still unclear, and results from studies thus
far have varied (9,10).

We describe the seroprevalence of SARS-CoV-2
in 2 household cohorts in a rural and an urban com-
munity at 5 timepoints from July 2020 to March 2021,
during 2 epidemic waves. We compare disease preva-
lence between the first and second wave by compar-
ing the seroprevalence by wave to reported laborato-
ry-confirmed infections, hospitalizations, and deaths
within the respective districts.

Methods

Study Population

We conducted a prospective study on a randomly
selected household cohort in a rural community
(Agincourt, Ehlanzeni District, Mpumalanga Prov-
ince) and an urban community (Jouberton, Dr.
Kenneth Kaunda District, North West Province) as
part of the Prospective Household Study of SARS-
CoV-2, Influenza, and Respiratory Syncytial Vi-
rus Community Burden, Transmission Dynamics,
and Viral Interaction (PHIRST-C) study in South
Africa. Methods for the cohort study are detailed
in the Appendix (https://wwwnc.cdc.gov/EID/
article/27/12/21-1465-Appl.pdf). Recruitment to
this study began in July 2020, and follow-up will
continue through August 2021. Households that
previously participated in the PHIRST study dur-
ing 2016-2018 (11,12) and additional randomly se-
lected households were eligible. Households with
>3 household members of any age were enrolled if
>80% of members consented.

The study was approved by the University of the
Witwatersrand Human Research Ethics Committee
(reference no. 150808). The US Centers for Disease
Control and Prevention relied on local clearance (In-
stitutional Review Board approval no. 6840).

Seroprevalence

We collected baseline data and blood (blood draw
[BD] 1) at enrollment (July 20-September 17, 2020)
and every 2 months thereafter: BD2, September 21-
October 10; BD3, November 23-December 12, 2020;
BD4, January 25-February 20, 2021; and BD5, March
22-April 11, 2021). We confirmed HIV status from
medical records (if a person was HIV-infected) and
by using a rapid test for participants with unknown
or self-reported negative status. We determined
previous SARS-CoV-2 infection by using the Roche
Elecsys anti-SARS-CoV-2 assay (Roche Diagnostics,

Emerging Infectious Diseases *« www.cdc.gov/eid ¢ Vol. 27, No. 12, December 2021
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https:/ /www.roche.ch/en/standorte/rotkreuz.
htm) to detect antibodies against the SARS-CoV-2
nucleocapsid protein. We performed the assay on
the Cobas e601 instrument (Roche Diagnostics),
and we considered a cutoff index (COI) >1.0 as an
indication of prior infection (i.e., seropositivity).
We performed data analysis in Stata 14 (StataCorp,
https:/ /www.stata.com) (13). We adjusted sero-
prevalence estimates for sensitivity and specific-
ity, as previously described (14), on the basis of
the manufacturers” reported 99.5% sensitivity and
99.8% specificity (15). We obtained seroprevalence
95% credible intervals (Crls) by using Bayesian in-
ference with 10,000 posterior draws (14). We used
Pearson’s y? test to assess the statistical significance
of differences in SARS-CoV-2 seropositivity be-
tween the 2 communities and across BDs, waves of
infection, and HIV status.

Calculation of Infection—-Case Ratio,
Infection—Hospitalization Ratio, and

Infection—Fatality Ratio by Wave of Infection

To assess the prevalence of SARS-CoV-2 and com-
pare the severity of illness between the 2 waves, we
performed an ecologic study comparing estimated
number of infections on the basis of seroprevalence
in our cohort study to reported number of cases,
hospitalizations, and in-hospital and excess deaths
in the same district for each wave. We calculated
the age- and sex-adjusted total number of infections,
laboratory-confirmed cases, hospitalizations, deaths,
infection-case ratio (ICR) (i.e., number of infections
compared with laboratory-confirmed cases), IHR,
and in-hospital and excess deaths IFR (Appendix) for
the first (March 1-November 21, 2020) and second
(November 22, 2020-March 27, 2021) wave of infec-
tion (Figure 1).

Comparison of Cases between First and

Second Wave of Infection

We compared characteristics of participants who
showed seroconversion during the first and second
wave of infections by using unconditional logistic re-
gression. We compared participants who showed se-
roconversion in wave 1 (BD3) with those who showed
seroconversion in wave 2 (BD5, excluding BD3 sero-
conversions). For this analysis, we only included par-
ticipants with a BD3 and BD5 paired serum sample.
For the multivariable model, we assessed all variables
that were significant at p<0.2 on univariate analysis
and dropped nonsignificant factors (p>0.05) with
manual backward elimination. We also compared the
site, age, sex, and HIV status of persons with a BD

3021
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Figure 1. Timing of blood collection and weekly incidence of severe acute respiratory syndrome coronavirus 2 infection in the rural
community district (A) and the urban community district (B), South Africa, March 2020—March 2021. BD, blood draw.

3+5 pair with those without a BD 3+5 pair by using
logistic regression.

Persistence of SARS-CoV-2 Antibodies

For participants with 5 serum samples collected and
who showed seroconversion during BD2 to BD5, we
plotted COI values with the BD at which seroconver-
sion took place as point 0. For participants who were
seropositive at baseline, we plotted COI results from
each BD. We calculated mean COI and the exact 95%
CI at each point by using the Clopper-Pearson meth-
od. We assessed percentage of participants with COI
>1 at each subsequent BD as number of participants
with COI >1 divided by total number of participants
who showed seroconversion during BD2 to BD5 with
a serum sample at the timepoint.

Results

Study Population

In the rural community, we approached 185 house-
holds, 118 (64 %) were enrolled, and 641/692 (92%) of
household members consented, agreed to participate,
or both. In the urban community, 352 households
were approached, 114 (32%) enrolled, and 570/607
(93%) of household members consented, agreed to
participate, or both. In both communities, the per-
centage of children, women or girls, and unemployed
persons included in the cohort were higher than in
district census data (Appendix Table 1). Median age
was 13 (interquartile range 7-29) and 21 (interquar-
tile range 10-43) years, and HIV prevalence was 14%
(95% CI 11%-17%) in the rural community and 18%
(95% CI 14%-21%) in the urban community.
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Seroprevalence

Most (83% [n = 553]) participants who lived in the rural
community and most (83% [n = 499]) who lived in the
urban community had both BD3 and BD5 blood col-
lected (Appendix). Seroprevalence, adjusted for assay
sensitivity and specificity, in the rural community was
lower at BD1 than in the urban community (1% [95%
Crl 0%-2%] vs. 15% [95% Crl 12%-18%]; p<0.001), in-
creasing after the first wave of infections (at BD3) to 7%
(95% CrI5%-9%) in the rural community and 27% (95%
CrI 23%-31%) in the urban community (p<0.001) (Fig-
ure 2; Appendix). After the second wave (BD5), serop-
revalence increased to 26% (95% Crl 22%-29%; p<0.001)
in the rural community and to 41% (95% Crl 37%-45%;
p<0.001) in the urban community (Appendix)..

At BD5, seroprevalence was highest in the 19-34
years age group (37% [95% Crl 28%-47%]) in the ru-
ral community and the 35-59 years age group (59%
[95% CrI 49%-68%]) in the urban community (Figure
2; Appendix Table 3). The seroprevalence was lowest
in children <5 years of age, 18% (95% Crl 10%-26%)
in the rural community and 28% (95% Crl 17%-41%)
in the urban community.

At BD5, SARS-CoV-2 seroprevalence was similar
between HIV-infected and HIV-uninfected partici-
pants (Appendix Table 4). Persons who were HIV-
positive were not more likely to be seropositive (ad-
justed odds ratio 1.0 [95% CI 0.7-1.5]).

Infection—-Case Ratio, Infection—-Hospitalization

Ratio, and Infection—Fatality Ratio by District

and Wave of Infection

During the first wave of infections (BD3) the age-
and sex-adjusted seroprevalence at the rural site was
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11.75% (95% Crl 3.42%-24.60%), resulting in an ICR
of only 4.74% (95% CI 2.36%-15.62%). We observed
a 0.64% (95% CI 0.34%-1.96%) IHR and an in-hospi-
tal TFR of 0.12% (95% CI 0.07%-0.31%) and an excess
deaths IFR of 0.43% (95% CI0.21%-1.47%) (Figure 3, 4).

The seroprevalence in the rural community was
22.43% (95% Crl 10.46%-37.67 %) for the second wave.
The ICR was 3.71% (95% CI 2.28%-7.68%), IHR was
0.61% (95% CI 0.40%-1.22%), in-hospital IFR was
0.18% (95% CI 0.12%-0.34%), and excess deaths IFR
was 0.65% (95% CI0.39%-1.39%) (Figure 3, 4).

In the urban community, the seroprevalence at
BD3 was 29.58% (95% Crl 18.04%-43.20%). We found
a 3.54% (95% CI 2.53%-5.55%) ICR and 1.93% (95%
CI 1.41%-2.98%) IHR. The in-hospital IFR was 0.16%
(95% CI 0.13%-0.23%) and excess deaths IFR was
0.12% (95% CI0.09%-0.20%) (Figure 3, 4). During the
second wave, the seroprevalence in the urban com-
munity was 15.19% (95% Crl 6.49%-26.96%), result-
ing in an ICR estimate of 3.67% (95% CI 2.21%-8.07 %),
an IHR of 2.29% (95% C11.39%-4.96%), an in-hospital
IFR of 0.36% (95% CI 0.24%-0.72%), and an excess
deaths IHR of 0.50% (95% CI 0.29%-1.17%) (Figure
3, 4). These estimates standardized to World Health
Organization world population estimates are shown
in Appendix Figure 2.

Comparison of Case-Patients between First

and Second Wave of Infection

Compared with the urban community, persons in the
rural community who showed seroconversion were
4.7 (95% CI 2.9-7.6) times more likely to show sero-
conversion during the second wave. Compared with
persons 35-59 years of age, persons 5-12 years of age
were 2.1 (95% CI 1.1-4.2) times more likely to show
seroconversion in the second wave and persons >60
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years of age were 2.8 (95% CI 1.1-7.0) times more like-
ly to show seroconversion in the second wave (Table).
When we stratified the analysis by site, this associa-
tion was only detected in the urban community (Ap-
pendix Table 6). Persons who did not have a BD 3+5
pair were more likely to be <5 or 19-34 years of age
(Appendix Table 7).

Persistence of SARS-CoV-2 Antibodies

Of the 72 participants who were seropositive at BD1
and with BDs 1-5 samples collected, 99% (71/72) still
had a COI >1 by BD5. The mean COI at baseline for se-
ropositive participants was 64, which increased to 125
at BD2 and dropped to 59 at BD5 (Figure 5, panel A).
The participant who no longer had detectable SARS-
CoV-2 antibodies at BD5 had a starting COI of 9. Of the
210 participants with BD 1-5 samples, 99% (167/169),
99% (70/71%), and 93% (41/44) still had a COI >1 in
the first, second, and third BD after initial seroconver-
sion, respectively (Figure 5, panel B). The participants
who seroreverted had starting COls ranging from 2
to 6, and none showed seroconversion again after re-
version during the study period. The mean COI at the
point of seroconversion was 48, which increased to 86
at the first BD after seroconversion and reduced to 61
at the third BD after seroconversion.

Discussion

We assessed SARS-CoV-2 seroprevalence in 1,211 per-
sons living in 2 diverse communities in South Africa
and show that laboratory-confirmed cases reported
from study districts greatly underestimate the actual
prevalence of SARS-CoV-2 infections. At baseline, se-
roprevalence was 1% and 15%, increasing to 7% and
27%, respectively, after the first wave, by March 2021.
After the second epidemic wave, seroprevalence was

° 60 1 }
) 50 1

<5 5-12 13-18 19-34 35-59 >60 All
Age group, y

Figure 2. Seroprevalence of severe acute respiratory syndrome coronavirus 2 at each blood collection, by age group, in a rural
community (A) and an urban community (B), South Africa, March 2020-March 2021.
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Figure 3. Age- and sex-standardized number of severe acute respiratory syndrome coronavirus 2 infections, laboratory-confirmed
diagnoses, hospitalizations, and deaths per 100,000 population in a rural community during infection wave 1 (A) and wave 2 (B) and an
urban community during infection wave 1 (C) and wave 2 (D), South Africa, March 2020—March 2021. Crl, credible interval.

26% in the rural community and 41% in the urban
community. The highest seroprevalence was 59% in
adults 35-59 years of age in the urban community,
and the lowest was 18% in rural community children
<5 years of age. During the second wave, compared
with the first wave, the rural site was more affected,
and infections in the second wave more likely af-
fected children 5-12 and adults >60 years of age in
the urban community. In the urban community, IFR
was higher in the second wave (0.36%-0.50%) com-
pared with the first (0.12%-0.16%), and numbers of
infections were lower, suggesting possible increased
severity associated with the emergence of novel vari-
ant B.1.351. Most persons who showed seroconver-
sion maintained detectable SARS-CoV-2 antibodies
in subsequent serum samples.

Low seropositivity was observed at the rural site
at baseline, and seroprevalence remained low after
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the first wave of infections, reaching 7%, which was
considerably lower than the 27% at the urban site at
the same time. This observation could be related to
the relatively isolated location and lower population
density in the rural community compared with more
densely populated urban community. Seroprevalence
in the rural site increased to 26% after the second
wave of infections within the district. This increase
could have been attributable to possible increased
transmissibility of the B.1.135 lineage that was circu-
lating in the second wave (16), as well as additional
transmission networks in the community during the
December holiday period, when largescale urban-to-
rural migration takes place as persons return home
for year-end holidays. The urban site had fewer sero-
conversions in the second wave compared with the
first, which may be attributable to existing immunity
among persons in the community after the first wave.
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As seen in previous studies (8), adults had the high-
est seroprevalence levels, although a relatively high
seroprevalence of 18% and 28% persisted in children
<5 years of age at the rural and urban community,
respectively.

When comparing the characteristics of persons
infected in the second wave to those infected in the
first, persons infected in the second wave were more
likely to be from the rural site and to be <13 or >60
years of age, compared with persons 35-59 years of
age. The shift in age groups affected was only de-
tected in the urban community, possibly because of
the large number of adults infected during wave 1,
whereas the number of infections in wave 1 in the ru-
ral community was lower.

A study conducted among blood donors in
South Africa during the second wave found a sero-
prevalence of 32%-63% in 5 provinces of South Af-
rica that have both rural and urban communities (W.
Sykes et al., unpub. data, https://doi.org/10.21203/
1r5.3.rs-233375/v1). In our study, we observed a se-
roprevalence in adults ranging from 25% to 37% in
rural households, and from 35% to 59% in urban
households, suggesting that seroprevalence is hetero-
geneous between communities. In Kenya, the serop-
revalence in blood donors during the country’s first
wave of infections was 4% and was also higher in
urban communities (17). In a population-level house-
hold serosurvey conducted in Zambia during their
first wave of infections, 11% of persons had evidence
of SARS-CoV-2 infection (18).

Based on our estimates, only 4%-6% of cases
were laboratory-confirmed, suggesting that substan-
tially higher prevalence of infection was ascertained
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through serologic testing and that the differences
may have been greater in the urban community than
the rural community; however, more extensive stud-
ies are needed to assess whether this observation is
consistent in other areas. Compared with the urban
community, the rural community had less than half
the rate of hospitalization (0.6% vs. 2.0%). These ob-
servations may be attributable to differences in refer-
ral and testing policies, health-seeking behavior, and
access to care, as well as differences in circulating lin-
eages within these districts.

A study comparing the severity of the first and
second waves of infections in South Africa in hospital-
ized patients found a higher mortality rate in the sec-
ond wave, compared with the first (19). At the urban
site, the IFR was higher in the second wave (0.36%-
0.50%) compared with the first (0.12%-0.16%), al-
though no differences were observed in IHR between
the 2 waves. The lower overall number of infections
in the second wave in this site means that our find-
ing of increased mortality is unlikely to be related to
pressure on health services. The increased severity of
the second wave may be related to increased severity
of the B.1.135 variant, but further studies are needed
to confirm this relation. The excess death IFR during
the first wave in the urban site was smaller than the
in-hospital IFR. This difference may be attributable to
uncertainty on the process for excess death estimation,
or that the 85% contribution of COVID-19 to excess
deaths was an underestimation within the province.
However, the in-hospital IFR followed the same trend
of increase between wave 1 and 2 (0.16% to 0.36%).
Although no significant increase was observed be-
tween the IFR in the rural community between wave

Figure 4. Severe acute
respiratory syndrome
coronavirus 2 infection—case
and infection—hospitalization
ratios (A) and in-hospital and
excess deaths infection-fatality
ratios (B) in a rural and urban
community during the first and
second wave of infections, South
Africa, March 2020—March 2021.
Vertical lines represent 95% Cls.
Wave 1: March 1-November 21,
2020. Wave 2: November 2020
22—March 27, 2021. ED, excess
deaths; ICR, infection—case
ratio; IFR, infection—fatality ratio;
IH, in-hospital; IHR, infection—
hospitalization ratio.
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Table. Comparison of participants with detectable SARS-CoV-2 antibodies after the first wave (blood draw 3) and second wave (blood

draw 5), South Africa, July 2020—April 2021*

Infected in wave 1,

Infected in wave 2, Univariate OR Multivariable aOR

Characteristic no. (%) no. (%) (95% CI) (95% CI)
Site
Rural 40/140 (29) 100/140 (71) 4.9 (3.1-7.8) 4.7 (2.9-7.6)
Urban 139/210 (66) 71/210 (34) Referent Referent
Sex
M 65/123 (53) 58/123 (47) Referent
F 114/227 (50) 113/227 (50) 1.1 (0.7-1.7)
Age group, y
<5 9/25 (36) 16/25 (64) 3.2 (1.3-8.0) 2.7 (1.0-7.2)
5-12 30/74 (41) 44/74 (59) 2.6 (1.4-4.9) 21(1.1-4.2)
13-18 36/64 (56) 28/64 (44) 1.4 (0.7-2.7) 1.3 (0.6-2.6)
19-34 34/67 (51) 33/67 (49) 1.7 (0.9-3.3) 1.3 (0.7-2.6)
35-59 59/92 (64) 33/92 (36) Referent Referent
>60 11/28 (39) 17/28 (61) 2.8 (1.2-6.6) 2.8 (1.1-7.0)
HIV status
Negative 139/271 (51) 132/271 (49) 1.0 (0.6-1.7)
Positive 35/68 (51) 33/68 (49) Referent
CD4 count, cells/uL
>200 28/54 (52) 26/54 (48) 1.9 (0.2-21.7)
<200 2/3 (67) 1/3 (33) Referent
Viral load, copies/mL
<1,000 28/51 (55) 23/51 (45) Referent
>1,000 2/7 (29) 5/7 (71) 3.0 (0.5-17.2)
Other underlying illnesst
No 161/316 (51) 155/316 (49) 1.1 (0.5-2.2)
Yes 18/34 (53) 16/34 (47) Referent
Body mass index category
Underweight 10/22 (45) 12/22 (55) 1.5 (0.6-3.9)
Normal weight 65/141 (46) 76/141 (54) 1.5 (0.9-2.5)
Overweight 46/84 (55) 38/84 (45) 1.1 (0.6-1.9)
Obese 58/103 (56) 45/103 (44) Referent
Currently smokingt
No 109/190 (57) 81/190 (43) Referent
Yes 20/36 (56) 16/36 (44) 1.1 (0.5-2.2)
Alcohol uset
No 88/167 (53) 79/167 (47) 2.0 (1.1-3.8)
Yes 41/59 (69) 18/59 (31) Referent
Employment status§
Unemployed 70/128 (55) 58/128 (45) 1.9 (0.5-6.4)
Student 9/13 (69) 4/13 (31) Referent
Employed 25/41 (61) 16/41 (39) 1.4 (0.4-5.5)

*Includes all participants with blood draw 3 and 5 serum pairs and who showed seroconversion at either draw. Bold indicates a statistically significant
difference. aOR, adjusted odds ratio; OR, odds ratio; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
1Self-reported history of asthma, lung disease, heart disease, stroke, spinal cord injury, epilepsy, organ transplant, immunosuppressive therapy, organ

transplantation, cancer, liver disease, renal disease, or diabetes.
FAmong persons >15 years of age.
§Among persons >18 years of age.

1 and 2, the excess (maximum) IFR estimate (0.43%)
was already high in wave 1, similar to the IFR for
wave 2 in the urban community (0.50%). Considering
the lower IHR in the rural community for both waves
compared with the urban community, this observa-
tion may point toward lack of access to care or delays
in seeking care. In-hospital SARS-CoV-2 mortality
rates have previously also been shown to be higher
in Mpumalanga Province where the rural community
is located (19).

Our first wave in-hospital IFR estimates (0.12%
rural, 0.16% urban) were similar to the age-adjusted
0.15% reported from India for the first wave of labo-

3026

ratory-confirmed deaths from SARS-CoV-2 infection
(20). In addition, our first wave excess death IFR was
higher in the rural (0.431%) and lower in the urban
(0.12%) community compared with the age-adjusted
0.28% IFR excess deaths reported from Brazil during
their first wave of infections (21).

Although previous studies have shown that anti-
bodies against the SARS-CoV-2 nucleocapsid wanes
more quickly than those against the spike protein
(22,23), 93% of persons who showed seroconversion
at BD2 still had detectable nucleocapsid antibodies 6
months later. Direct antigen-sandwich format assays,
such as the Roche anti-N assay used in our study,
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have been found to reliably detect antibodies in lon-
gitudinal samples (24). Of the few that seroreverted in
this timeframe, the starting COI was low.

We did not observe a difference in SARS-CoV-2
seroprevalence in HIV-infected and HIV-uninfected
persons at either site. Although our sample size was
too small to detect small differences in a stratified
analysis, we also did not observe a signal when using
logistic regression. Because HIV causes immune sup-
pression, a concern exists that HIV-infected persons
may be more susceptible to SARS-CoV-2 infection
(9,10). Although HIV infection may not increase sus-
ceptibility to infection, it has been demonstrated to be
a risk factor for having onset of severe COVID-19 and
death after infection (9,25).

Our study is limited by a small sample size, re-
ducing the power for accurate seroprevalence es-
timates in small age strata, and inclusion of only 2
geographic sites, and therefore may not be repre-
sentative of other districts and provinces in South
Africa. Because we used seroprevalence to estimate
infections by wave, we could have missed reinfec-
tions in the second wave. Based on data from the
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same cohort, these reinfections occurred in only a
small portion (3%) of the cohort (C. Cohen et al., un-
pub. data, https://doi.org/10.1101/2021.07.20.2126
0855) and would have had a negligible influence on
the infection ratios. ICR, IHR, and IFR formed part
of an ecologic analysis, which is inherently prone to
biases. Excess deaths in the first wave may be under-
estimated because the reporting period only started
in June. Transmission dynamics within our cohort
may not be similar to the transmission dynamics
within the district. Seventeen percent of persons did
not have a BD 3+5 pair, and bias could have been
introduced if the seroprevalence were different for
those without a BD 3+5 blood pair. Ongoing follow-
up of this cohort will track future infections and
monitor antibody waning, and compare these data
to laboratory-confirmed infections and symptoms
from twice-weekly follow-up.

A strength of our study is the collection of sam-
ples from prospectively followed-up persons from
randomly selected households within the study com-
munities and inclusion of persons of all ages. As a
longitudinal study, our study provides the advantage

Figure 5. Cutoff index (COI)
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of serial comparisons of antibody responses in rela-
tion to reported laboratory-confirmed SARS-CoV-2
infections within the community through 2 succes-
sive SARS-CoV-2 waves.

We estimate that ~95% of SARS-CoV-2 infections
in these 2 communities were not laboratory-con-
firmed and reported to the national surveillance sys-
tem, which has major implications for contact tracing
and isolation and other measures to contain infection.
We observed heterogeneity between seroprevalence
estimates based on pandemic wave, community, and
age group, indicating the need for ongoing studies
that include diverse settings.

Additional members of the PHIRST-C group

who contributed to this manuscript were Kgaugelo
Patricia Kgasago, Linda de Gouveia, Maimuna Carrim,
Mignon du Plessis, Retshidisitswe Kotane, and
Tumelo Moloantoa.
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SARS-CoV-2 Seroprevalence in a Rural
and Urban Household Cohort during First
and Second Waves of Infections, South
Africa, July 2020—March 2021

Appendix

Supplementary Methods

Study Population

PHIRST-C (A Prospective Household study of SARS-CoV-2, Influenza, and
Respiratory Syncytial virus community burden, Transmission dynamics and viral interaction
in South Africa) is a continuation from PHIRST (A Prospective Household observational
cohort study of Influenza, Respiratory Syncytial virus and other respiratory pathogens
community burden and Transmission dynamics in South Africa) (1). PHIRST-C is conducted
in two communities with established influenza-like illness and pneumonia surveillance sites

(Appendix Figure 1).

South Africa consists of nine provinces, which are divided into 52 districts, which
form the second level of administration. Districts are further divided into municipalities. The
rural site is located in the Bushbuckridge Municipality, Ehlanzeni District, Mpumalanga
Province and forms part of a health and sociodemographic surveillance site (HDSS) at the
Medical Research Council (MRC)/University of Witwatersrand Rural Public Health and
Health Transitions Research Unit, Agincourt. During PHIRST, two of the 29 villages within
the HDSS were selected according to convenience (proximity and burden of other studies
within the site) each year between 2016-2018. A random selection of 50 households with a
household size of 3 or more were approached for enrolment. The urban site is located in the
Jouberton Township, Matlosana Municipality, Dr Kenneth Kaunda District, North West
Province. A list of 450 global positioning system (GPS) coordinates were generated using
Google Earth. Study staff approached the nearest house within 30 m of the coordinate point
for enrolment. Approximately 50 households were enrolled each year during 2016-2018. At
both sites, households were eligible if they consisted of 3 or more household members
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(sharing at least four meals a week). All household members were approached for inclusion
in the study, and households were eligible for inclusion if >80% of members consented to be
enrolled.

For PHIRST-C, all households who participated in PHIRST from the urban site, and
households from the 2017 and 2018 cohort in the rural site were approached for enrolment.
To supplement the sample size, additional households at each site were approached using the
same methods as for PHIRST. Villages in the rural site were restricted to those four used in
2017 and 2018 of PHIRST. Informed consent was obtained from participating adults or a
parent/guardian for children <18 years of age. In addition to parent/guardian consent, assent
was also obtained from children aged 7-17 years. When performing rapid HIV tests, both
pre- and post-test counselling was provided, including referral to care for those who tested

positive.

The Bushbuckridge Municipality within the Ehlanzeni District is considered as
predominantly rural, with main industries being agriculture and tourism (2). The Ehlanzeni
District has a population of 1,828,738, with sixty percent of the district’s population being
>18 years of age (Appendix Table 1). The City of Matlosana Municipality is considered to be
88.2% urban, and is located in the Dr Kenneth Kaunda District, which has a population of
797,715 (3). Sixty-five percent of the district population is aged >18 years (Appendix Table
1). At both sites, the percentage of children, females, and unemployed individuals were
higher in the cohort than in the district (Appendix Table 1).

Calculation of Infection-Case Ratio (ICR), Infection-Hospitalization Ratio (IHR), and Infection-
Fatality Ratio (IFR) by Wave of Infection

We calculated the age-adjusted total number of infections, laboratory-confirmed
cases, hospitalizations, deaths, ICR (number of infections compared to laboratory-confirmed
cases), IHR and in-hospital and excess death IFR for each wave of infection as described in
below equations. We defined the first wave as March 1, 2020 (week 11) to November 21,
2020 (week 47), coinciding with the first case of SARS-CoV-2 reported in South Africa, and
ending the week before BD3 started. We defined the second wave as November 22, 2020
(week 48) to March 27, 2021 (week 11), starting directly after the defined wave 1 period, and
ending the week before BD5 started. Due to differences between the sex ratios of our cohort
and the district population, the infection estimates were also adjusted for sex. Data sources
used in these calculations are described in the next section. Age standardized estimates for

the selected endpoints for each wave were obtained as follows:
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2i(si X SAp;)

Infections =
2i(SAp)

x 100,000

Where si is the seroprevalence in the cohort in the respective community and wave for
age and sex group i and picsa) is the South African population for age and sex group i.
Calculated for wave 1 as seroprevalence at blood draw 3, and for wave 2 as seroprevalence at
blood draw 5, excluding those who seroconverted at blood draw 3. Estimates only included

participants with a blood draw 3 and 5 pair, and adjusted for sensitivity and specificity of test

(4).

Yi((ci = Picay) X Picsay)
Yi(Picsay)

Where ci is the number of laboratory-confirmed cases (RT-PCR and antigen-based

Laboratory — confirmed cases = x 100,000

tests) from the respective district reported to the NMCSS (wave 1: 3 March — 21 November
2020, wave 2: 22 November 2020 — 27 March 2021) in age group i, pi) is the district

population for age group i and pisa) is the South African population for age group i.

Yi((hi + Dicay) X Picsay)
Zi(pi(SA))
Where hi is the number of hospitalizations from the respective district reported to

COVID-19 Sentinel Hospital Surveillance (DATCQOV, wave 1: 5 March — 21 November

2020, wave 2: 22 November 2020 — 27 March 2021) (5) in age group i, pic) is the district

population for age group i and pisa) is the South African population for age group i.

Hospitalisations = x 100,000

Yi((di + piay) X Picsay)
Zi(pi(SA))
Where di is the number of in-hospital deaths from the respective districts reported to
DATCOQOV (wave 1: 5 March-21 November 2020, wave 2: 22 November 2020-27 March
2021) (5) in age group i, piw) is the district population for age group i and picsa) is the South

In — hospital deaths = x 100,000

African population for age group i.

Pesa

Excess deaths = x 100,000

Where EXD is the rate of provincial excess deaths adjusted to the South African
population reported by South African Medical Research Council (rural wave 1: 28 June-21
November 2020, urban wave 1: 21 June—21 November 2020, both communities wave 2: 22
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November 2021-26 March 2021) (6), and p¢sa) is the total South African population.
According to estimates only 85% of excess deaths are attributable to COVID-19 (6).

For infections, hospitalizations, in-hospital (minimum) and excess (maximum) deaths,

95% Cls were calculated using the Clopper-Pearson method with a Poisson distribution.

Laboratory — confirmed cases

I tion — tio (ICR) = 100
nfection — case ratio (ICR) Infections X
] o ) Hospitalisations
Infection — hospitalization ratio (IHR) = - x 100
Infections
I ti tality ratio (IFR) = Deaths 100
nfection — fatality ratio (IFR) = Infections x

Confidence intervals for infection ratios were calculated as ratios from the 95%
confidence intervals of infection, hospitalization and death rates. For international
comparisons, we repeated the calculations to standardize to the WHO standard world
population (7), using Sprague multipliers (8) to expand age groups to 1-year bands, and

aggregate to the age groups used in this study.

Data Sources

Population Denominators (9)
Population numbers for each district, by age, were obtained from the StatsSA 2020

mid-year population estimates for 2020.

Notifiable Medical Conditions Surveillance System (NMCSS) (10)

Reverse transcription PCR (RT-PCR) testing in South Africa to detect SARS-CoV-2
RNA started on 28 January 2020. Rapid SARS-CoV-2 antigen testing was implemented in
November 2020. All laboratories in the private and public sector performing SARS-CoV-2
tests automatically feed testing data from their lab information systems to the NMCSS, from
where daily and weekly reporting on national, provincial and district SARS-CoV-2 infections
are performed. No serology tests are used for this reporting. Results from antigen tests may
be underestimated in the NMCSS. The number of cases reported to the NMCSS in the
Ehlanzeni District (rural community) and Dr Kenneth Kaunda District (urban community)
was used as an estimate of reported, laboratory-confirmed SARS-CoV-2 infections. Wave 1:
3 March 1 November 2020, wave 2: 22 November 2020-27 March 2021.
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COVID-19 National Hospital Surveillance (DATCOV) (5)

DATCOV is a national hospital surveillance system to which all hospitals where
COVID-19 admissions occurred in the public and private sector in South Africa report to.
The case definition includes any person admitted with a positive RT-PCR test result for
SARS-CoV-2. In-hospital outcome was available for all patients. The total number of
hospitalizations and in-hospital deaths in each district reported to DATCOV between 3
March —21 November 2020 (wave 1) and 22 November 2020-27 March 2021 (wave 2) was

used to calculate in the IHR and minimum IFR, respectively.

South African Medical Research Council (SAMRC) Report on Weekly Deaths (6)

The Burden of Disease Unit at the SAMRC produces a weekly report on excess
deaths in South Africa. Deaths in South Africa are registered on the Department of Home
Affair’s National Population Register and includes all citizens with a South African
identification number. The number of excess deaths were defined as the number of all-cause
deaths in that week minus the number of deaths expected for the week based on 2014-2019
trends. Excess death estimates are adjusted for incomplete reporting, and death estimates in
provinces are age-standardized to the national population. Eighty-five percent of the reported
excess deaths were used to calculate the maximum IHR. In both provinces, excess deaths
were only available starting 21 June (urban) and 28 June 2020 (rural), and not from March as
for infections and hospitalizations, therefore the period for wave 1 in the rural community
was defined as 28 June —21 November 2020, and as 21 June—21 November 2020 in urban
communities for wave 1. For both communities wave 2 was defined as 22 November 2021—
26 March 2021. The wave-specific excess death rates were kindly provided by Professor Rob
Dorrington.

Differences in SARS-CoV-2 Seroprevalence by HIV Status and Age

To assess differences in seropositivity based on HIV status, we considered
seroprevalence at the fifth blood draw and compared the seroprevalence of individuals at
each site and age group by HIV status using the Pearson’s chi-squared test, and furthermore
also compared the seroprevalence by HIV status while controlling for site, sex and age using
logistic regression. We calculated power using the two-sample proportion, likelihood-ratio
test for a 95% Cl, to detect an odds ratio of at least 1.8, assuming a 24% SARS-CoV-2
seroprevalence and 14% HIV prevalence. In the 19-34 year old group (n = 247) we only had
33% power.
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Appendix Table 1. Comparison of characteristics between district (Ehlanzeni and Dr Kenneth Kaunda Districts) (9) and

PHIRST-C cohort population, 2020, South Africa.

Rural community

Dr Kenneth Kaunda

Urban community

Characteristic Ehlanzeni District cohort p-value Districts cohort p-value
Age group, y
<5 203727/1828739 (11%)  99/668 (15%) <0.01  75574/797716 (9%) 56/598 (9%) 0.93
5-12 319208/1828739 (17%)  210/668 (31%) <0.01 121145/797716 (15%) 132/598 (22%) <0.01
13-18 207344/1828739 (11%) 89/668 (13%) 0.11 82582/797716 (10%) 82/598 (14%) 0.01
19-34 491914/1828739 (27%) 108/668 (16%) <0.01 212152/797716 (27%) 120/598 (20%) <0.01
35-59 462982/1828739 (25%) 89/668 (13%) <0.01 237146/797716 (30%) 122/598 (20%) <0.01
>60 143564/1828739 (8%) 46/668 (7%) 0.35 69117/797716 (9%) 58/598 (10%) 0.37
Female sex 961384/1828739 (53%) 427/668 (64%) <0.01 405734/797716 (51%) 336/598 (56%) 0.01
Unemployed 187428/530865 (35%) 198/270 (73%) <0.01  76654/257457 (30%) 202/315 (64%) <0.01

Appendix Table 2. Number of sera collected (n) from consenting PHIRST-C participants (N) and percentage sampled during
blood draws (BD) in the rural and urban community by blood draw, site, age group, March 2020 — March 2021, South Africa*

No. (%)

Characteristic

BD1

BD2

BD3

BD4

BD5

BD1-5

BD3,5

Rural
Age group, y
<5

25/102 (25)

49/102 (48)

78/102 (76)

87/102 (85)

89/102 (87)

17/102 (17)

76/102 (75)

5-12 148/215 (69) 169/215(79)  195/215 (91) 202/215(94) 201/215(93) 136/215(63) 193/215 (90)
13-18 69/94 (73) 72194 (77) 80/94 (85) 82/94 (87) 78/94 (83) 61/94 (65) 76/94 (81)
19-34 87/117 (74) 88/117 (75) 91/117 (78) 91/117 (78) 95/117 (81) 62/117 (53) 89/117 (76)
35-59 76/91 (84) 77/91 (85) 80/91 (88) 81/91 (89) 82/91 (90) 66/91 (73) 78/91 (86)
>60 40/49 (82) 39/49 (80) 44/49 (90) 45/49 (92) 42/49 (86) 35/49 (71) 41/49 (84)
All ages 445/668 (67) 494/668 (74)  568/668 (85) 588/668 (88) 587/668 (88)  377/668 (56)  553/668 (83)
Urban
Age group, y
<5 45/57 (79) 50/57 (88) 50/57 (88) 44/57 (77) 48/57 (84) 33/57 (58) 45/57 (79)
5-12 116/135 (86) 116/135(86) 125/135(93) 123/135(91) 122/135(90) 103/135(76)  120/135 (89)
13-18 75/84 (89) 75/84 (89) 81/84 (96) 77184 (92) 78/84 (93) 69/84 (82) 78/84 (93)
19-34 102/130 (78)  98/130 (75) 100/130 (77) 99/130 (76) 98/130 (75) 77/130 (59) 92/130 (71)
35-59 110/130(85) 110/130(85) 117/130(90) 112/130(86) 111/130 (85) 98/130 (75) 111/130 (85)
>60 57162 (92) 55/62 (89) 56/62 (90) 55/62 (89) 53/62 (85) 51/62 (82) 53/62 (85)
All ages 505/598 (84) 504/598 (84) 529/598 (88)  510/598 (85) 510/598 (85)  431/598 (72)  499/598 (83)

*Baseline (BD1) 20 July—17 September 2020, second draw (BD2) 21 September—10 October 2020, third draw (BD3) 23 November—12 December
2020, fourth draw (BD4) 25 January—20 February 2021, fifth draw (BD5) 22 March-11 April 2021.
Appendix Table 3. Individuals seropositive for SARS-CoV-2 antibodies with adjusted seroprevalence and 95% creditable
intervals by blood draw (BD), site and age, July 2020 — April 2021, South Africa*

Characteristic BD1 BD2 BD3 BD4 BD5
Rural
Age group, y
<5 0/25 (4, 0-13) 1/49 (4, 0-13) 2/78 (4, 1-9) 14/87 (17, 10-25) 15/89 (18, 10-26)
5-12 2/148 (2, 0-5) 5/169 (3, 0-5) 71195 (4, 2-7) 29/202 (15, 10-20) 39/201 (20, 14-25)
13-18 1/69 (3, 0-7) 5/72 (8, 0-7) 8/80 (11, 5-18) 20/82 (25, 16-35) 24/78 (31, 22-42)
19-34 0/87 (1, 0-4) 5/88 (7, 0-4) 13/91 (15, 8-23) 33/91 (37, 27-47) 35/95 (37, 28-47)
35-59 1/76 (2, 0-7) 5/77 (7, 0-7) 7/80 (10, 4-17) 23/81 (29, 20-39) 27/82 (33, 23-44)
>60 1/40 (5, 0-13) 4/39 (12, 0-13) 4/44 (11, 3-21) 8/45 (19, 9-32) 10/42 (25, 13-38)
All ages 5/445 (1, 0-2) 25/494 (5, 0-2) 41/568 (7, 5-9) 127/588 (22, 18-25) 150/587 (26, 22—29)
Urban
Age group, y
<5 2/45 (6, 1-15) 5/50 (11, 4-21) 7/50 (15, 7-26) 8/44 (20, 9-32) 13/48 (28, 17-41)
5-12 11/116 (10, 5-16) 17/116 (15, 9-22) 24/125 (20, 13-27) 32/123 (26, 19-34) 38/122 (31, 23-40)
13-18 14/75 (19, 11-29) 19/75 (26, 17-36) 30/81 (37, 27-48) 35/77 (46, 35-56) 41/78 (53, 42-64)
19-34 10/102 (10, 5-17) 17/98 (18, 11-26) 23/100 (23, 16-32) 29/99 (30, 21-39) 34/98 (35, 26-44)
35-59 33/110 (30, 22-39) 45/110 (41, 32-50) 52/117 (45, 36-54) 61/112 (55, 45-64) 65/111 (59, 49-68)
>60 3/57 (7, 2-14) 6/55 (12, 5-22) 7/56 (14, 6-24) 16/55 (30, 19-42) 18/53 (35, 22-47)
Allages  73/505 (15, 12-18) 109/504 (22, 18-25) 143/529 (27, 23-31) 181/510 (36, 32—40) 209/510 (41, 37-45)

*Baseline (BD1) 20 July—17 September 2020, second draw (BD2) 21 September—10 October 2020, third draw (BD3) 23 November —12 December
2020, fourth draw (BD4) 25 January—20 February 2021, fifth draw (BD5) 22 March—11 April 2021.
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Appendix Table 4. SARS-CoV-2 seroprevalence from the fifth blood collection (22 March — 11 April 2021), by site, age group

and HIV status, South Africa

Rural Urban
Age group, y HIV-uninfected  HIV-infected p-value HIV-uninfected HIV-infected p-value
<5 15/87 (17) 0/1 (0) 0.65 12/46 (26) 0/1 (0) 0.55
5-12 37/195 (19) 0/2 (0) 0.49 35/116 (30) 1/3 (33) 0.91
13-18 21/66 (32) 0/3 (0) 0.24 38/73 (52) 3/4 (75) 0.37
19-34 22165 (34) 10/23 (43) 0.41 26/73 (36) 7/19 (37) 0.92
35-59 12/36 (33) 12/39 (31) 0.81 37/61 (61) 28/47 (60) 0.91
>60 6/27 (22) 4/10 (40) 0.28 17/46 (37) 1/7 (14) 0.24
All ages 113/476 (24) 26/78 (33) 0.07 165/415 (40) 40/81 (49) 0.11

Appendix Table 5. Comparison of participants with detectable SARS-CoV-2 antibodies at the fifth blood collection (22 March—

11 April 2021), South Africa*

Characteristic  Seropositive Multivariable aOR (95% CI)
Site
Rural 150/587 (26) Referent
Urban 209/510 (41) 1.9 (1.5-2.5)
Sex
Male 130/441 (29) Referent
Female 229/656 (35) 1.2 (0.9-1.6)
Age group, y
<5 28/137 (20) 1.2(0.7-1.9)
5-12 77/323 (24) Referent
13-18 65/156 (42) 2.6 (1.5-4.5)
19-34 69/193 (36) 2.0(1.2-3.4)
35-59 92/193 (48) 3.2(1.8-5.5)
>60 28/95 (29) 1.5(0.8-2.9)
HIV status
Negative 278/891 (31) 1.0 (0.7-1.5)
Positive 66/159 (42) Referent

*aOR: adjusted odds ratio.
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Appendix Table 6. Comparison of participants with detectable SARS-CoV-2 antibodies after the first wave (blood draw 3) and second wave (blood draw 5), by site, July 2020-April 2021, South

Africa*
Rural Urban
No. (%) No. (%)

Age group,y Sero+ B3 Sero+ B5 Infected wave 2 OR (95% CI Sero+ B3 Sero+ B5 Infected wave 2 OR (95% CI)
<5 2/76 (3) 12/76 (16) 10/12 (83) 1.8 (0.3-10.6) 12/76 (16) 12/45 (27) 6/13 (46) 3.2(0.9-11.0)
5-12 7/193 (4) 36/193 (19) 29/36 (81) 15(0.5-5.1) 36/193 (19) 38/120 (32) 15/38 (39) 2.4 (1.0-5.8)
13-18 7176 (9) 23/76 (30) 16/23 (70) 0.8 (0.2-2.9) 23/76 (30) 41/78 (53) 12/41 (29) 1.5 (0.6-3.8)
19-34 13/89 (15) 33/89 (37) 20/33 (61) 0.6 (0.2-1.7) 33/89 (37) 32/92 (35) 13/34 (38) 2.3(0.9-5.7)
35-59 7178 (9) 26/78 (33) 19/26 (73) Referent 26/78 (33) 65/111 (59) 14/66 (21) Referent
>60 4/41 (10) 10/41 (24) 6/10 (60) 0.6 (0.1-2.6) 10/41 (24) 18/53 (34) 11/18 (61) 5.8 (1.9-17.8)

* OR: odds ratio;

Sero+: seropositive.
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Appendix Table 7. Comparison of individuals with and without a blood draw 3 and 5 pair, South Africa*

Characteristic  Missing 3,5 pair

Univariate OR (95% CI)

Site
Rural 115/668 (17) 1.0 (0.8-1.4)
Urban 99/598 (17) Referent
Sex
M 85/503 (17) 1.0 (0.7-1.3)
F 129/763 (17) Referent
Age group, y
<5 38/159 (24) 2.7 (1.6-4.4)
5-12 37/350 (11) Referent
13-18 24/178 (13) 1.3(0.8-2.3)
19-34 66/247 (27) 3.1(2.0-4.8)
35-59 32/221 (14) 1.4 (0.9-2.4)
>60 17/111 (15) 1.5(0.8-2.8)
HIV status
Negative 112/968 (12) Referent
Positive 22/178 (12) 1.1 (0.7-1.8)

*OR: odds ratio.

Appendix Table 8. The PHIRST-C Group

Name

Affiliation

Amelia Buys

Centre for Respiratory Diseases and Meningitis, National Institute for Communicable Diseases of the National
Health Laboratory Service, Johannesburg, South Africa.

Anne von Gottberg

Centre for Respiratory Diseases and Meningitis, National Institute for Communicable Diseases of the National
Health Laboratory Service, Johannesburg, South Africa. School of Pathology, Faculty of Health Sciences,
University of the Witwatersrand, Johannesburg, South Africa.

Cheryl Cohen

Centre for Respiratory Diseases and Meningitis, National Institute for Communicable Diseases of the National
Health Laboratory Service, Johannesburg, South Africa. School of Public Health, Faculty of Health Sciences,
University of the Witwatersrand, Johannesburg, South Africa.

F. Xavier Gbmez-
Olivé

MRC/Wits Rural Public Health and Health Transitions Research Unit (Agincourt), Faculty of Health Sciences,
School of Public Health, University of the Witwatersrand, Johannesburg, South Africa.

Floidy
Wafawanaka

MRC/Wits Rural Public Health and Health Transitions Research Unit (Agincourt), Faculty of Health Sciences,
School of Public Health, University of the Witwatersrand, Johannesburg, South Africa.

Jackie Kleynhans

Centre for Respiratory Diseases and Meningitis, National Institute for Communicable Diseases of the National
Health Laboratory Service, Johannesburg, South Africa. School of Public Health, Faculty of Health Sciences,
University of the Witwatersrand, Johannesburg, South Africa.

Jacques du Toit

MRC/Wits Rural Public Health and Health Transitions Research Unit (Agincourt), Faculty of Health Sciences,
School of Public Health, University of the Witwatersrand, Johannesburg, South Africa.

Jinal N. Bhiman

Centre for Respiratory Diseases and Meningitis, National Institute for Communicable Diseases of the National
Health Laboratory Service, Johannesburg, South Africa. School of Pathology, Faculty of Health Sciences,
University of the Witwatersrand, Johannesburg, South Africa.

Jocelyn Moyes

Centre for Respiratory Diseases and Meningitis, National Institute for Communicable Diseases of the National
Health Laboratory Service, Johannesburg, South Africa. School of Public Health, Faculty of Health Sciences,
University of the Witwatersrand, Johannesburg, South Africa.

Kathleen Kahn

MRC/Wits Rural Public Health and Health Transitions Research Unit (Agincourt), Faculty of Health Sciences,
School of Public Health, University of the Witwatersrand, Johannesburg, South Africa.

Kgaugelo Patricia
Kgasago

Perinatal HIV Research Unit (PHRU), University of the Witwatersrand, Johannesburg, South Africa.

Limakatso Lebina

Perinatal HIV Research Unit (PHRU), University of the Witwatersrand, Johannesburg, South Africa.

Linda de Gouveia

Centre for Respiratory Diseases and Meningitis, National Institute for Communicable Diseases of the National
Health Laboratory Service, Johannesburg, South Africa.

Maimuna Carrim

Centre for Respiratory Diseases and Meningitis, National Institute for Communicable Diseases of the National
Health Laboratory Service, Johannesburg, South Africa.

Meredith L.
McMorrow

Influenza Division, Centers for Disease Control and Prevention, Atlanta, Georgia, United States of America.
Influenza Program, Centers for Disease Control and Prevention, Pretoria, South Africa.

Mignon du Plessis

Centre for Respiratory Diseases and Meningitis, National Institute for Communicable Diseases of the National
Health Laboratory Service, Johannesburg, South Africa.

Neil A. Martinson

Perinatal HIV Research Unit (PHRU), University of the Witwatersrand, Johannesburg, South Africa. Johns
Hopkins University Center for TB Research, Baltimore, Maryland, United States of America.

Nicole Wolter

Centre for Respiratory Diseases and Meningitis, National Institute for Communicable Diseases of the National
Health Laboratory Service, Johannesburg, South Africa. School of Pathology, Faculty of Health Sciences,
University of the Witwatersrand, Johannesburg, South Africa.

Retshidisitswe
Kotane

Centre for Respiratory Diseases and Meningitis, National Institute for Communicable Diseases of the National
Health Laboratory Service, Johannesburg, South Africa. School of Pathology, Faculty of Health Sciences,
University of the Witwatersrand, Johannesburg, South Africa.

Stefano Tempia

Influenza Division, Centers for Disease Control and Prevention, Atlanta, Georgia, United States of America.
Influenza Program, Centers for Disease Control and Prevention, Pretoria, South Africa. School of Public
Health, Faculty of Health Sciences, University of the Witwatersrand, Johannesburg, South Africa.
MassGenics, Atlanta, Georgia, United States of America.

Stephen Tollman

MRC/Wits Rural Public Health and Health Transitions Research Unit (Agincourt), School of Public Health,
Faculty of Health Science, University of the Witwatersrand.

Tumelo Moloantoa

Perinatal HIV Research Unit (PHRU), University of the Witwatersrand, Johannesburg, South Africa.
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Limpopo

Mpumalanga

North West
Jouberton

Free State

Nothern Cape

Eastern Cape

Western Cape

Appendix Figure 1. Location of study sites PHIRST-C, South Africa. The rural site is located in
Agincourt, Ehlanzeni District (dark green), Mpumalanga Province (light green) and the urban site in

Jouberton, Dr Kenneth Kaunda District (dark orange), North West Province (light orange).

Page 11 of 12



A

Deaths - - -
16 (13-21) to W‘ Infection fatality ratio:
0.13% (0.07%-0.61%) to
51(50-52) 0.40% (0.17%-2.36%)

Hospitalizations m g
Infection hospitalization ratio:
0.66% (0.31%-3.52%)

Laboratory-confirmed cases
579 (555-603)

Infection case ratio:
4.55% (1.99%-25.98%)

84 (75-93)

‘ ]
’ % infections

P X

Infections
12718 (2138-30277)

S

C

Deaths | A
‘ 59 (50-70) to ( Infection fatality ratio:
0.22% (0.16%-0.31%) to
37 (36-37) 0.13% (0.09%-0.22%)
Hospitalizations

617 (581-656) 2.27% (1.52%-3.57%)

Laboratory-confirmed cases —

Infection hospitalization ratio:

Infection case ratio:

1101 (1053-1152) 4.06% (2.66%-6.47%)

P Q

Infections —

27136 (16263-43259)

% infections

Appendix Figure 2. World Health Organization population age-standardized SARS-CoV-2 infection,

Deaths
49 (44-56) to
146 (145-147)

Infection fatality ratio:
0.20% (0.12%-0.48%) to
L 0.59% (0.32%-1.61%)

|

Hospitalizations
158 (146-170)

Laboratory-confirmed cases

Infection hospitalization ratio:
0.63% (0.38%-1.62%)

Infection case ratio:
871 (s 08] 1 3.53% (2.00%-9.41%)
Infections 4.

24851 (9013-45343) M‘—
0

D

Deaths
66 (57-78) to
77 (76-77)

Infection fatality ratio:
0.50% (0.32%-1.35%) to
0.58% (0.32%-1.79%)

Hospitalizations

395 (367-425)

Laboratory-confirmed cases
590 (555-629)

| \ Infection hospitalization ratio:
| 2.98%(175%8.67%)

Infection case ratio:
4.46% (2.59%-13.09%)

Infections

— </
13244 (4238-24263) . . T
‘ % infections

//\\

diagnosis, hospitalization and deaths per 100,000 population in a rural community during A) wave 1

and B) wave 2, and urban community during C) wave 1 and D) wave 2 of infections, South Africa,

March 2020-March 2021.

Page 12 of 12



The Vanuatu Health Program is supported by the
Australian Department of Foreign Affairs and Trade
Australian Aid Program. C.v.G. is a recipient of an Early
Career Research Fellowship, supported by the Australian
National Health and Medical Research Council.

About the Author

Dr. van Gemert is an epidemiologist and postdoctoral
research fellow in the Vanuatu Health Program, Port

Vila, Vanuatu, and with the Burnet Institute, Melbourne,
Victoria, Australia. Her primary research interest is
surveillance of infectious disease in resource-poor settings.

References

1. Vanuatu Government Office of the President. Extraordinary
Gazette Numbero Special No. 3. Extension of Declaration of
State of Emergency Order No. 93 of 2020 [cited 2020 Jul 13].
https:/ /www.gov.vu/index.php/events/news/86-exten-
sion-of-the-declaration-of-the-soe-order-no-93-of-2020

2. Vanuatu Ministry of Health. Vanuatu situation report 59 —23
December 2021 [cited 2022 Jan 10]. https:/ /covid19.gov.vu/
images/Situation-reports/19122021_Vanuatu_COVID19_
NHEOC_SitRep_59_2.pdf

3. Yang B, Tsang TK, Wong JY, He Y, Gao H, Ho F, et al. The
differential importation risks of COVID-19 from inbound
travellers and the feasibility of targeted travel controls:

a case study in Hong Kong. Lancet Reg Health West
Pac. 2021;13:100184. https:/ /doi.org/10.1016/j.lanwpc.
2021.100184

4. Clifford S, Pearson CA, Klepac P, Van Zandvoort K,

Quilty BJ, Eggo RM, et al.; CMMID COVID-19 working
group. Effectiveness of interventions targeting air
travellers for delaying local outbreaks of SARS-CoV-2.

J Travel Med. 2020;27:taaa068. https:/ /doi.org/10.1093/
jtm/taaa068

5. World Health Organization. WHO coronavirus
(COVID-19) dashboard 2022 [cited 2022 Jan 10].
https:/ /covid19.who.int/

6. Vanuatu National Statistics Office. Statistics update:
international visitor arrivals. December 2020 provisional
highlights [cited 2021 Feb 10]. https:/ /www.stats.govt.nz/
information-releases/ international-travel-december-2021

7. Pritchard E, Matthews PC, Stoesser N, Eyre DW,

Gethings O, Vihta KD, et al. Impact of vaccination on
new SARS-CoV-2 infections in the United Kingdom.
Nat Med. 2021;27:1370-8. https:/ /doi.org/10.1038/
s41591-021-01410-w

Address for correspondence: Caroline van Gemert, The Burnet
Institute, 85 Commercial Rd, Melbourne, VIC 3004, Australia;
email: caroline.vangemert@burnet.edu.au

Emerging Infectious Diseases *« www.cdc.gov/eid * Vol. 28, No. 5, May 2022

RESEARCH LETTERS

SARS-CoV-2 Seroprevalence
after Third Wave of
Infections, South Africa

Jackie Kleynhans, Stefano Tempia, Nicole Wolter,
Anne von Gottberg, Jinal N. Bhiman, Amelia Buys,
Jocelyn Moyes, Meredith L. McMorrow,

Kathleen Kahn, F. Xavier Gomez-Olivé,

Stephen Tollman, Neil A. Martinson,

Floidy Wafawanaka, Limakatso Lebina,

Jacques D. du Toit, Waasila Jassat, Mzimasi Neti,
Marieke Brauer, Cheryl Cohen, for the

PHIRST-C Group'

Author affiliations: National Institute for Communicable Diseases
of the National Health Laboratory Service, Johannesburg, South
Africa (J. Kleynhans, S. Tempia, N. Wolter, A. von Gottberg,

J.N. Bhiman, A. Buys, J. Moyes, W. Jassat, M. Neti, C. Cohen);
University of the Witwatersrand, Johannesburg (J. Kleynhans,

S. Tempia, N. Wolter, A. von Gottberg, J.N. Bhiman, J. Moyes,
C. Cohen); US Centers for Disease Control and Prevention,
Atlanta, Georgia, USA (S. Tempia, M.L. McMorrow); US Centers
for Disease Control and Prevention, Pretoria, South Africa

(M.L. McMorrow); MRC/Wits Rural Public Health and Health
Transitions Research Unit (Agincourt), University of the
Witwatersrand, Johannesburg (K. Kahn, F.X. Gémez-Olivé,

S. Tollman, F. Wafawanaka, J. du Toit); Johns Hopkins University
Center for Tuberculosis Research, Baltimore, Maryland, USA
(N.A. Martinson); Perinatal HIV Research Unit, University of the
Witwatersrand, Johannesburg (N.A. Martinson, L. Lebina); Africa
Health Research Institute, Durban, South Africa (L. Lebina);
Ampath Pathology, Pretoria (M. Brauer)

DOI: https://doi.org/10.3201/eid2805.220278

By November 2021, after the third wave of severe acute
respiratory syndrome coronavirus 2 infections in South Af-
rica, seroprevalence was 60% in a rural community and
70% in an urban community. High seroprevalence before
the Omicron variant emerged may have contributed to re-
duced illness severity observed in the fourth wave.

South Africa has experienced 4 waves of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
infections, the fourth dominated by the Omicron vari-
ant of concern (1). Data on the proportion of the pop-
ulation with serologic evidence of previous infection
at the time of Omicron emergence are important to
contextualize the observed rapid increases and subse-
quent quick decline in case numbers (1), as well as the
lower severity compared with previous variants (2).

'Additional members of the PHIRST-C group who contributed to
this article are listed at the end of this article.
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We previously described the seroprevalence of
SARS-CoV-2 in the PHIRST-C (Prospective House-
hold Study of SARSCoV-2, Influenza, and Respira-
tory Syncytial Virus Community Burden, Trans-
mission Dynamics, and Viral Interaction) cohort in
a rural and an urban community at 5 timepoints
during July 2020-March 2021 (3). By using the same
methods (Appendix, https://wwwnc.cdc.gov/
EID/article/28/5/22-0278-Appl.pdf), we report
seroprevalence at 4 additional timepoints through
November 27, 2021, spanning the third, Delta-dom-
inated wave (Appendix Figure 1), ending the week
Omicron was identified (4). We tested serum sam-
ples by using the Roche Elecsys Anti-SARS-CoV-2
assay (Roche Diagnostics, https://www.roche.
com); we considered a cutoff index >1.0 an indica-
tion of prior infection. The immunoassay detects
nucleocapsid (N) antibodies; thus, it does not detect
postvaccination antibody responses. We obtained se-
roprevalence 95% credible intervals (Crls) by using
Bayesian inference with 10,000 posterior draws (5).
We estimated the age- and sex-adjusted number of
infections and age-adjusted diagnosed cases, hospi-
talizations, deaths, case-to-infection ratio (CIR), hos-
pitalization-to-infection ratio (HIR), and in-hospital
and excess death fatality-to-infection ratio (FIR), as
described previously (3) (Appendix). Third-wave
infections were defined as participants who had a

A 100+

paired blood draw (BD) from the fifth timepoint of
the previous study (BD5) (collected March 22-April
11, 2021) and from the ninth timepoint of this study
(BD9) (collected November 15-27, 2021) and who
were seronegative at BD5 and seropositive at BD9
or seropositive at BD5 but had a >2-fold higher cut-
off index in BD9 (because 38 possible reinfections
occurred after BD5 [Appendix]). We obtained vac-
cination status through reviewing vaccine cards that
participants kept at home. The study was approved
by the University of the Witwatersrand Human Re-
search Ethics Committee (reference no. 150808); the
US Centers for Disease Control and Prevention re-
lied on local clearance (IRB approval no. 6840).

Overall, pre-third wave (BD5) SARS-CoV-2 sero-
prevalence adjusted for assay sensitivity and speci-
ficity was 26% (95% Crl 22%-29%) in the rural and
41% (95% Crl 37%-45%) in the urban community.
After the third wave (BD9), overall seroprevalence
increased to 60% (95% Crl 56%-64%) in the rural
community and 70% (95% Crl 66%-74%) in the ur-
ban community (Figure; Appendix Table 1). In both
communities, the largest increase in seroprevalence
was seen in children 13-18 years of age, who also had
the highest seroprevalence of all ages after the third
wave: 80% (95% Crl 70%-88%) in the rural commu-
nity (a 49% increase) and 83% (95% Crl 73%-90%) in
the urban community (a 19% increase).

Figure. Severe acute

®BD1 XBD5 respiratory syndrome
32 90{ =BD2 +BD6 coronavirus 2 seroprevalence
o 807 :ggi EIBB%; % at each blood collection, by age
8 701 BD9 group, in a rural community
O 60+ % % % i (A) and urban community (B),
© 50 South Africa, March 2020-
5 40- % November 2021. Baseline
5 30- %} H }%} blood draw (BD1) collected
o 201 %{ % % i%f July 20-September 17, 2020;
(<] }%} E } { %¥ second draw (BD2), September
v 18' il i o H ak 21 - October 10, 2020; third
<5 512 13-18  19-34 3559 360 Al o2 2000: roo
Age group, y draw (BD4), January 25—
B 100- February 20, 2021; fifth draw
2 901 (BD5), March 22—April 11,
Y 2021; sixth draw (BD6), May
8 801 % % 20-June 9, 2021; seventh draw
c 707 % { B2 (BD7), July 19-August 5, 2021;
@ 601 % } H eighth draw (BD8), September
g 501 % } I 13-25, 2021; ninth draw (BD9),
O 401 { } % % E% November 15-27, 2021. Error
8— 30+ ﬁ } + { } I bars represent 95% credible
< 20 { } { ﬂ ] intervals. Seroprevalence
8 10 :.;{ # { }g ¢ estimates adjusted for
0- sensitivity and specificity
<5 5-12 13-18 19-34 35-59 >60 All of assay.
Age group, y
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During the third wave of infections, the incidence
at the rural site was 39% (95% Crl 24%-55%), result-
ing in a CIR of 3% (95% CI 2%-5%). HIR was 0.5%
(95% CI 0.3%-0.7%) and in-hospital FIR was 0.1%
(95% CI10.1%-0.2%); excess deaths FIR was 0.5% (95%
CI10.4%-0.8%) (Figure; Appendix Figure 2).

In the urban community, the incidence during the
third wave was 40% (95% Crl 26%-54%). CIR was a
5% (95% CI 4%-8%), and HIR was 2% (95% CI 2%-
4%). In-hospital FIR was 0.4% (95% CI 0.3%-0.6%)
and excess deaths FIR was 0.6% (95% CI 0.4%-0.9%)
(Figure; Appendix Figure 2).

HIR and FIR were similar between wave 2 and
3 (Appendix Figure 3). SARS-CoV-2 vaccines became
available in South Africa in February 2021, after the
second wave. By the end of wave 3, only 8% (49/609)
of participants were fully vaccinated (1 dose of John-
son & Johnson/Janssen or 2 doses of Pfizer-BioN-
Tech) in the rural community and 19% (97/512) in the
urban community (Appendix Table 2). Considering
the overall low vaccination coverage in these commu-
nities during the study period, the similar HIR and
FIR in wave 2 and 3 were likely driven by a combina-
tion of natural immunity and potentially a moderate
effect attributable to vaccination.

Taken together, by the end of November 2021,
just before the emergence of Omicron, the combined
proportion of persons who had serologic evidence of
previous infection (at any timepoint), were fully vac-
cinated, or both was 62% (389/631) at the rural com-
munity and 72% (411/568) at the urban community
(Appendix Table 3).

After the third wave of infections in South Africa,
we observed a >60% overall seroprevalence attribut-
able to SARS-CoV-2 infection, ranging from 43% in ru-
ral community children <5 years of age to 83% in urban
community children 13-18 years of age (Figure). CIR,
HIR, and FIRs were similar between the second and
third waves. Similar to our data, results from a study in
Gauteng Province found seroprevalence of 56%-80%
attributable to natural infection before the emergence
of Omicron (6). The high seroprevalence before Omi-
cron emergence may have contributed to reduced ill-
ness severity observed in the fourth wave (2).

Additional members of the PHIRST-C Group who
contributed: Kgaugelo Patricia Kgasago, Linda de Gouveia,
Maimuna Carrim, Mignon du Plessis, Retshidisitswe
Kotane, and Tumelo Moloantoa.
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Ared ruffed lemur (Varecia rubra) from a zoo in Louisiana,
USA, was euthanized for worsening paresis. Brain and
spinal cord histology identified eosinophilic meningoen-
cephalomyelitis with intralesional adult Angiostrongylus
sp. nematodes. PCR and sequencing confirmed A. can-
tonensis infection, indicating this parasite constitutes an
emerging zoonosis in the southeastern United States.

Angios trongylus cantonensis is a parasitic metastron-
gyloid nematode that has a neurotropic larval
stage and is endemic throughout Southeast Asia and
the Pacific Islands. The rat (Rattus spp.) is the main
definitive host and a variety of gastropods serve as
intermediate hosts. In rats, infections cause no brain
damage and only some pulmonary disease in severe
infections. However, in aberrant hosts, including hu-
mans and nonhuman primates, larvae cause severe
eosinophilic meningoencephalitis. Clinical signs are
associated with migration of the larvae and the im-
mune response to dead or dying nematodes (1).
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In 1987, A. cantonensis nematodes were detected
in rats in New Orleans, Louisiana, USA (2); in 1995, a
human case of eosinophilic meningitis was reported in
North America in a child from New Orleans (3). A. can-
tonensis nematodes have now become endemic in the
southeastern United States, as evidenced by reports of
infectionin a child in Texas (4); a horse from Mississippi
(5); captive Geoffroy’s tamarins (Saguinus geoffroyi) in
Alabama (6); and several animals in Florida, including
a white-handed gibbon (Hylobates lar), an orangutan
(Pongo pygmaeus), a white-throated capuchin monkey
(Cebus capucinus), a red ruffed lemur (Varecia rubra),
and a nine-banded armadillo (Dasypus novemcinctus)
(7,8). Ingestion of infected gastropods and paratenic
hosts or unwashed contaminated vegetables are pro-
posed routes of infection for aberrant hosts.

The International Union for Conservation of Na-
ture lists red ruffed lemurs (Varecia rubra) as critically
endangered (9). In June 2021, a 9-year-old male red
ruffed lemur from a zoo in Louisiana was humanely
euthanized because of hind limb paresis and a right
head tilt that worsened over an 8-day period. The le-
mur was housed in a troop of 5 adult lemurs in an out-
door exhibit. Various snail species are common in the
enclosure, but no other lemurs were clinically affected.

A necropsy performed at the Michigan State
University Veterinary Diagnostic Laboratory (Lan-
sing, Michigan, USA) identified no gross lesions. The
laboratory formalin-fixed and processed the brain,
the entire spinal cord, and all major organs for his-
topathology. Histopathologic examination revealed
multiple transverse and longitudinal sections of adult
nematodes within the subarachnoid space and neu-
ropil of the cerebellum and brainstem. Nematodes
were ~50-70 pm in diameter and had a 3-4-pm thick
smooth, eosinophilic cuticle and prominent lateral
cords. Adult nematodes had coelomyarian muscula-
ture, and the pseudocoelom contained a reproductive
tract and an intestinal tract lined by multinucleated
cells with flocculent eosinophilic to brown material in
the lumen (Figure). Nematodes were surrounded by
hemorrhage and small numbers of eosinophils, neu-
trophils, macrophages, and glial cells. Several cerebel-
lar folia were effaced by invading nematodes, hemor-
rhage, and inflammation. The cerebellar meninges
were expanded by numerous eosinophils, fewer
neutrophils, foamy macrophages, multinucleated gi-
ant cells, and lymphocytes. A representative section
of thoracic spinal cord contained an identical single
adult nematode in the subdural space. Another adult
nematode had regionally effaced the dorsal horn in
a section of lumbar spinal cord. The affected spinal
cord had regional rarefaction of both gray and white
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SARS-CoV-2 Seroprevalence after Third
Wave of Infections, South Africa

Appendix

Supplementary Methods

Study Population

PHIRST-C (A Prospective Household study of SARS-CoV-2, Influenza, and Respiratory
Syncytial virus community burden, Transmission dynamics and viral interaction in South Africa)
is a continuation from PHIRST (A Prospective Household observational cohort study of
Influenza, Respiratory Syncytial virus and other respiratory pathogens community burden and
Transmission dynamics in South Africa) (/). PHIRST-C is conducted in two communities with

established influenza-like illness and pneumonia surveillance sites.

South Africa consists of nine provinces, which are divided into 52 districts, which form
the second level of administration. Districts are further divided into municipalities. The rural site
is located in the Bushbuckridge Municipality, Ehlanzeni District, Mpumalanga Province and
forms part of a health and sociodemographic surveillance site (HDSS) at the Medical Research
Council (MRC)/University of Witwatersrand Rural Public Health and Health Transitions
Research Unit, Agincourt. During PHIRST, two of the 29 villages within the HDSS were
selected according to convenience (proximity and burden of other studies within the site) each
year between 2016-2018. A random selection of =50 households with a household size of 3 or
more were approached for enrolment. The urban site is located in the Jouberton Township,
Matlosana Municipality, Dr Kenneth Kaunda District, North West Province. A list of 450 global
positioning system (GPS) coordinates were generated using Google Earth. Study staff
approached the nearest house within 30 m of the coordinate point for enrolment. Approximately
50 households were enrolled each year during 2016-2018. At both sites, households were

eligible if they consisted of 3 or more household members (sharing at least four meals a week).
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All household members were approached for inclusion in the study, and households were eligible

for inclusion if >80% of members consented to be enrolled.

For PHIRST-C, all households who participated in PHIRST from the urban site, and
households from the 2017 and 2018 cohort in the rural site were approached for enrolment. To
supplement the sample size, additional households at each site were approached using the same
methods as for PHIRST. Villages in the rural site were restricted to those four used in 2017 and
2018 of PHIRST. Informed consent was obtained from participating adults or a parent/guardian
for children <18 years of age. In addition to parent/guardian consent, assent was also obtained

from children aged 7—17 years.

We collected baseline data and blood (blood draw [BD] 1) at enrollment (July 20—
September 17, 2020) and every 2 months thereafter: BD2, September 21-October 10; BD3,
November 23—December 12, 2020; BD4, January 25-February 20, 2021; BD5, March 22—-April
11,2021; BD6, May 20 — June 9, 2021; BD7, July 19 — August 5, 2021; BDS, September 13 —
25,2021; BD9, November 15 —27, 2021.

The Bushbuckridge Municipality within the Ehlanzeni District is considered as
predominantly rural, with main industries being agriculture and tourism (2). The Ehlanzeni
District has a population of 1,828,738, with sixty percent of the district’s population being >18
years of age. The City of Matlosana Municipality is considered to be 88.2% urban, and is located
in the Dr Kenneth Kaunda District, which has a population of 797,715 (3). Sixty-five percent of
the district population is aged >18 years.

Calculation of Case-to-infection Ratio (CIR), Hospitalization-to-infection Ratio (HIR), and Fatality-
to-infection Ratio (FIR) by Wave of Infection

We calculated the age- and sex-adjusted total number of infections, age-adjusted
diagnosed cases, hospitalizations, deaths, CIR (number of infections compared to diagnosed
cases), HIR and in-hospital and excess death FIR as described in below equations. We defined
the third wave as March 22, 2021 (week 12) to November 14, 2021 (week 45), starting with
BD35, and ending the week before BD9 started. Due to differences between the sex ratios of our
cohort and the district population, the infection estimates were also adjusted for sex. Data
sources used in these calculations are described in the next section. Age- and sex- standardized

estimates for the selected endpoints for each wave were obtained as follows:
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(s; X SAp;
Infections = M x 100,000
2i(SAp))

Where s, is the seroprevalence in the cohort in the respective community for age and sex
group i and SA4p; is the South African population for age and sex group i. Calculated for wave 3
as the number of individuals seronegative at BD5 and seropositive at BD9. Furthermore, we also
included possible re-infections where the individual was already seropositive at BDS5, but had a
>2-fold higher cutoff index (COI) in BD9 compared to BD5. We therefore included infections
and re-infections that occurred during the third wave. Estimates only included participants with a

blood draw 5 and 9 pair, and adjusted for sensitivity and specificity of test (4).

The >2-fold increase in COI cutoff to define possible re-infections was not externally
validated, but based on PCR-confirmed infections from twice-weekly nasal swab collections
between March 22, 2021 (BDS5) to July 19, 2021 (BD7) in the same cohort (C. Cohen et al.,
unpub. data, https://doi.org/10.1101/2021.07.20.21260855). Increases in COI from BDS5 to BD7
ranged from 1 to 93 fold. Of the 30 individuals who had a rRT-PCR-confirmed infection
between BD5 and BD7, 16 (53%, sensitivity) had a >2-fold increase from BDS5 to BD7, and of
the 312 individuals that did not have a rRT-PCR infection, 301 (96%, specificity) did not have a

>2-fold increase. We were therefore more likely to have underestimated re-infections.

Yi((ci + Diay) X Pigsay)
Zi(pi(SA))

Where c¢; 1s the number of diagnosed cases (RT-PCR and antigen-based tests) from the

Diagnosed cases = x 100,000

respective district reported to the NMCSS during wave 3 (March 22, to November 14, 2021) in
age group i, piw is the district population for age group i and pissy4) is the South African

population for age group i.

Yi((hi + Diy) X Picsay)
Yi(pisay)

Hospitalizations = x 100,000

Where #; is the number of hospitalizations from the respective district reported to
COVID-19 Sentinel Hospital Surveillance (DATCOV) during wave 3 (March 22, to November
14, 2021) (5) in age group i, pi 1s the district population for age group i and pi(s4) is the South

African population for age group i.
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Yi((di + picay) X Picsa))
Yi(picsay)

In — hospital deaths = x 100,000

Where d; is the number of in-hospital deaths from the respective districts reported to
DATCOV during wave 3 (March 22, to November 14, 2021) (5) in age group i, piw) is the district

population for age group i and pi(s4) is the South African population for age group i.

(ExD x 0.85) X p(say

Excess deaths = x 100,000

P(sa)

Where ExD is the rate of provincial excess deaths adjusted to the South African
population reported by South African Medical Research Council during wave 3 (March 22, to
November 14, 2021) (6), and ps4) is the total South African population. According to estimates
only 85% of excess deaths are attributable to COVID-19 (6).

For infections, hospitalizations, in-hospital (minimum) and excess (maximum) deaths,

95% Cls were calculated using the Clopper-Pearson method with a Poisson distribution.

Diagnosed cases

Case —to — i ti tio (CIR) = 100
ase — to — infection ratio (CIR) Infections x
o ] ) ] Hospitalizations
Hospitalization — to — infection ratio (HIR) = - x 100
Infections
Fatalit t [ ti tio (FIR Deaths » 100
atality — to — infection ratio = ————Xx
y f (FIR) Infections

Confidence intervals for infection ratios were calculated as ratios from the 95%

confidence intervals of infection, hospitalization and death rates.

Data Sources

Population Denominators (7)

Population numbers for each district, by age, were obtained from the StatsSA 2021 mid-
year population estimates.
Notifiable Medical Conditions Surveillance System (NMCSS) (8)

Reverse transcription PCR (RT-PCR) testing in South Africa to detect SARS-CoV-2
RNA started on 28 January 2020. Rapid SARS-CoV-2 antigen testing was implemented in
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November 2020. All laboratories in the private and public sector performing SARS-CoV-2 tests
automatically feed testing data from their lab information systems to the NMCSS, from where
daily and weekly reporting on national, provincial and district SARS-CoV-2 infections are
performed. No serology tests are used for this reporting. Results from antigen tests may be
underestimated in the NMCSS as not all antigen test results are captured on lab information
systems which feed into NMCSS. The number of cases reported to the NMCSS in the Ehlanzeni
District (rural community) and Dr Kenneth Kaunda District (urban community) was used as an

estimate of reported, diagnosed SARS-CoV-2 infections.

COVID-19 National Hospital Surveillance (DATCOV) (5)

DATCOV is a national hospital surveillance system to which all hospitals where COVID-
19 admissions occurred in the public and private sector in South Africa report. The case
definition includes any person admitted with a positive RT-PCR test result for SARS-CoV-2;
and may include individuals for whom the main cause of hospitalization was not SARS-CoV-2.
In-hospital outcome was available for all patients. The total number of hospitalizations and in-
hospital deaths in each district reported to DATCOV between March 22, to November 14, 2021

was used to calculate in the HIR and minimum FIR, respectively.

South African Medical Research Council (SAMRC) Report on Weekly Deaths (6)

The Burden of Disease Unit at the SAMRC produces a weekly report on excess deaths in
South Africa. Deaths in South Africa are registered on the Department of Home Affair’s
National Population Register and includes all citizens with a South African identification
number. The number of excess deaths were defined as the number of all-cause deaths in that
week minus the number of deaths expected for the week based on 2014-2019 trends. Excess
death estimates are adjusted for incomplete reporting, and death estimates in provinces are age-
standardized to the national population. Eighty-five percent of the reported excess deaths were

used to calculate the maximum FIR as suggested by SAMRC.

Seroreversions

Seven individuals were seronegative at BD5, and with at least one seropositive result
during BD6 and BD8, and who were seronegative again at BD9. The maximum COls for these
individuals were low, ranging from 1.09 to 34.5. This fits with an initial low antibody response

and subsequent antibody titer waning. In addition, there were five individuals who were
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seropositive at BDS5, whose antibody titers waned below detection during BD6 to BD8, but who
were seropositive again at BD9. Two of these individuals had a lower COI in BD9 than in BDS,

and were not included as possible re-infections during wave 3.

Limitations

Our study is limited by a small sample size, reducing the power for accurate
seroprevalence estimates in small age strata, and inclusion of only 2 geographic sites, including
only households with >3 people, with high unemployment in selected households compared to
the community unemployment rate (9) and therefore may not be representative of other districts
and provinces in South Africa. Our definition of re-infections has not been validated elsewhere
and is based on a small number of infections that occurred between BD5 and BD7, and did not
consider different variants. Based on data from the same cohort, these reinfections occurred in
only a small portion (3%) of the cohort (C. Cohen et al., unpub. data,
https://doi.org/10.1101/2021.07.20.21260855) and would have had a negligible influence on the
infection ratios. CIR, HIR, and FIR formed part of an ecologic analysis, which is inherently
prone to biases. Transmission dynamics within our cohort may not be similar to the transmission
dynamics within the district. Twenty percent (260/1,277) of persons did not have a BD 5+9 pair,
and bias could have been introduced if the seroprevalence were different for those without a BD
5+9 blood pair. Since we did not have complete serologic results for draws between BD5 and
BD9 for all individuals with a BD 5+9 pair, we did not consider individuals who may have
seroreverted during wave 3 as infections or re-infections. This may have led to an

underestimation of infections, and overestimation of the CIR, HIR and FIR.
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Appendix Table 1. Individuals seropositive for SARS-CoV-2 antibodies with adjusted seroprevalence and 95% credible intervals by blood draw, site and age, July 2020 — November
2021, South Africa*

Age Seropositive/Tested (Seroprevalence*, 95% Crl)
group,
Site y BD1 BD2 BD3 BD4 BD5 BD6 BD7 BD8 BD9
Rural <5 0/25 (4, 0-14) 1/49 (4, 0-14) 2/78 (4, 1-9) 14/87 (17,10—  15/89 (18, 10—  14/88 (17, 10—  26/90 (29, 20—  33/77 (43, 32—  36/84 (43, 33—
25) 26) 25) 39) 54) 54)
5-12  2/148 (2,0-5) 5/169 (3, 0-5)  7/195(4,2-7) 29/202 (15, 10— 39/201 (20, 15— 42/202 (21, 16— 70/202 (35, 28—  120/200 (60, 122/198 (62,
20) 25) 27) 42) 53-67) 55-68)
13-18  1/69 (3, 0-7) 5/72 (8,0-7)  8/80(11,5-18) 20/82 (25, 16—  24/78 (31, 22—  24/75 (32, 23—  40/77 (52, 41—  59/73 (80, 71—  57/71 (80, 70—
35) 41) 43) 63) 88) 88)
19-34  0/87 (1, 0-4) 5/88 (7, 0-4)  13/91 (15, 8-23) 33/91 (37,27—  35/95(37,28—  34/89 (39, 29—  40/87 (46, 36—  48/81 (59, 48—  47/80 (59, 48—
47) 47) 49) 57) 70) 69)
35-59  1/76 (2, 0-7) 5/77 (8, 0-7) 7/80 (10,4-17) 23/81 (29, 20— 27/82 (33,24-  27/84 (33,23— 35/82 (43,33— 49/80 (61, 50—  49/80 (61, 50—
39) 44) 43) 54) 72) 71)
260 1/40 (5, 0-12)  4/39 (12, 0-12) 4/44 (11, 4-21) 8/45(19,9-32) 10/42 (25, 14— 10/41 (26, 14—  14/40 (36, 22—  16/37 (44,28-  18/37 (49, 33—
39) 39) 51) 60) 65)
All 5/445 (1, 0-2)  25/494 (5, 0-2) 41/568 (7, 5-9) 127/588 (22, 150/587 (26, 151/579 (26, 225/578 (39, 325/548 (59, 329/550 (60,
18-25) 22-29) 23-30) 35-43) 55-64) 56-64)
Urban <5 2/45 (6, 1-15)  5/50 (11, 4-21) 7/50 (15, 7-26) 8/44 (20, 9-32) 13/48 (28, 16—  14/45(32, 19—  19/46 (42, 28—  25/45 (56, 41—  24/45 (53, 39—
41) 46) 56) 70) 67)
5-12 11/116 (10,5-  17/116 (15, 9— 24/125 (20, 13— 32/123 (26, 19— 38/122 (32, 24— 52/125 (42, 33— 60/124 (49, 40— 75/124 (61, 52— 77/123 (63, 54—
16) 22) 27) 34) 40) 50) 57) 69) 71)
13-18  14/75 (19, 11—  19/75 (26, 17—  30/81 (37, 28—  35/77 (46, 35—  41/78 (53, 42—  44/77 (57,46—  47/74 (63, 52— 59/74 (79, 69— 60/72 (83, 73—
29) 36) 48) 57) 64) 68) 74) 88) 90)
19-34 10/102 (10, 5—  17/98 (18, 11— 23/100 (23, 16— 29/99 (30, 21—  34/98 (35, 26—  44/94 (47, 37— 50/96 (52, 42—  65/95 (68, 59— 62/88 (70, 61—
17) 26) 32) 39) 45) 57) 62) 77) 79)
35-59 33/110 (30, 22— 45/110 (41, 32— 52/117 (45, 36— 61/112 (55, 45— 65/111 (59, 49— 70/111 (63, 54— 70/107 (65, 56— 82/104 (79, 70— 82/104 (79, 70—
39) 50) 54) 64) 67) 72) 74) 86) 86)
260 3/57 (7, 2-14)  6/55 (12, 5-22) 7/56 (14, 6-23) 16/55 (30, 19—  18/53 (35, 23—  23/53 (44, 31— 32/52 (61, 48—  33/51 (64, 51—  30/47 (64, 50—
42) 48) 57) 74) 77) 76)
All 73/505 (14, 12— 109/504 (22, 143/529 (27, 181/510 (36, 209/510 (41, 247/505 (49, 278/499 (56, 339/493 (69, 335/479 (70,
18) 18-25) 23-31) 31-40) 37-45) 45-53) 51-60) 65-73) 66-74)

*Adjusted for assay sensitivity and specificity. Blood draw (BD) 1, July 20—September 17, 2020; BD2, September 21-October 10, 2020; BD3, November 23—-December 12, 2020; BD4, January 25—February
20, 2021; and BD5, March 22—April 11, 2021; BD6, May 20 — June 9, 2021; BD7, July 19 — August 5, 2021; BD8, September 13 — 25, 2021; BD9, November 15 — 27, 2021.
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Appendix Table 2. Number and percentage of PHIRST-C participants with known vaccination status (N) vaccinated for SARS-CoV-
2 by BD9 (November 15 — 27, 2021) in the rural and urban community, South Africa*
Rural, No. (%)

Urban, No. (%)

Age Not Partially Fully Not Partially Fully
group, y N vaccinated vaccinated vaccinated N vaccinated vaccinated vaccinated
<5 93 93 (100) 0(0) 0(0) 49 49 (100) 0(0) 0(0)
5-12 205 205 (100) 0(0) 0(0) 125 125 (100) 0(0) 0(0)
13-18 83 82 (99) 1(1) 0(0) 78 72 (92) 3(4) 3(4)
19-34 101 91 (90) 2(2) 8 (8) 96 72 (75) 8 (8) 16 (17)
35-59 85 51 (60) 9(11) 25 (29) 111 59 (53) 5(5) 47 (42)
260 42 16 (38) 10 (24) 16 (38) 53 16 (30) 6 (11) 31 (58)
All 609 538 (88) 22 (4) 49 (8) 512 393 (77) 22 (4) 97 (19)

*Partially vaccinated: one dose of Pfizer-BioNTech; Fully vaccinated: one dose of Johnson & Johnson or two doses of Pfizer-BioNTech; at time of
blood collection

Appendix Table 3. Number and percentage of PHIRST-C participants with either serologic evidence of previous infection (at any
draw 20 July, 2020 - November 27, 2021) or fully vaccinated by BD9 (November 15 — 27, 2021) or both in the rural and urban

community, South Africa*

n/N (%)

Age group, y Rural Urban

<5 45/95 (47) 29/55 (53)
5-12 130/208 (63) 82/132 (62)
13-18 62/85 (73) 68/82 (83)
19-34 59/107 (55) 79/119 (66)
35-59 66/90 (73) 106/122 (87)
260 27/46 (59) 47/58 (81)
All 389/631 (62) 411/568 (72)

*Fully vaccinated: one dose of Johnson & Johnson or two doses of Pfizer-BioNTech; at time of blood collection

Appendix Table 4. The PHIRST-C Group

Name

Affiliation

Amelia Buys

Anne von Gottberg

Cheryl Cohen

F. Xavier Gémez-Olivé
Floidy Wafawanaka

Jackie Kleynhans

Jacques D. du Toit

Jinal N. Bhiman

Jocelyn Moyes

Kathleen Kahn
Kgaugelo Patricia Kgasago

Limakatso Lebina

Linda de Gouveia

Centre for Respiratory Diseases and Meningitis, National Institute for Communicable Diseases of
the National Health Laboratory Service, Johannesburg, South Africa.

Centre for Respiratory Diseases and Meningitis, National Institute for Communicable Diseases of
the National Health Laboratory Service, Johannesburg, South Africa. School of Pathology, Faculty
of Health Sciences, University of the Witwatersrand, Johannesburg, South Africa.

Centre for Respiratory Diseases and Meningitis, National Institute for Communicable Diseases of
the National Health Laboratory Service, Johannesburg, South Africa. School of Public Health,
Faculty of Health Sciences, University of the Witwatersrand, Johannesburg, South Africa.
MRC/Wits Rural Public Health and Health Transitions Research Unit (Agincourt), Faculty of Health
Sciences, School of Public Health, University of the Witwatersrand, Johannesburg, South Africa.
MRC/Wits Rural Public Health and Health Transitions Research Unit (Agincourt), Faculty of Health
Sciences, School of Public Health, University of the Witwatersrand, Johannesburg, South Africa.
Centre for Respiratory Diseases and Meningitis, National Institute for Communicable Diseases of
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Appendix Figure 1. Timing of blood collection and district SARS-CoV-2 weekly incidence in a) rural
community and b) urban community, March 2020 — November 2021, South Africa. November 23 —
December 12, 2020; fourth draw (BD4) January, 25 — February 20, 2021; fifth draw (BD5) March 22 —
April 11, 2021; sixth draw (BD6) May 20 — June 9, 2021; seventh draw (BD7) July 19 — August 5, 2021;
eighth draw (BD8) September 13 — 25, 2021; ninth draw (BD9) November 15 — 27, 2021. Vertical lines
represent 95% credible interval. Wave 1 (March 1 — November 21, 2020), 2 (November 22, 2020 — March
21, 2021) and 3 (March 22 — November 14, 2021) lines indicate period used for analysis. Laboratory-
confirmed SARS-CoV-2 infections (reverse transcription polymerase chain reaction and antigen tests) as
reported to the Notifiable Medical Conditions Surveillance System (NMCSS).
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Appendix Figure 2. South African

age-standardized SARS-CoV-2 infection, diagnosis, hospitalization
and deaths per 100,000 population during wave 3 in the a) rural and b) urban community, March —
November, 2021, South Africa. Standardized to South Africa mid-year population estimate for 2021.
Wave 3: March 22 — November 14,

on COVID-19 Sentinel Hospital Surveillance report (DATCOV), maximum estimate: provincial excess

2021. "Minimum estimate: in-hospitalization deaths in districts based

deaths reported (South African Medical Research Council). 2Hospitalizations in the district based on
COVID-19 Sentinel Hospital Surveillance (DATCOV). 3DiagnosedSARS-CoV-2 cases reported from
districts from national SARS-CoV-2 surveillance (NMCSS). 'Based on becoming seropositive or 2-fold
increase in cutoff index (COIl) between draw 5 and 9. 'Values in bracket refer to 95% credible interval for

infections and 95% confidence interval for all other estimates.
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Background. In South Africa, 19% of adults are living with human immunodeficiency virus (HIV; LWH). Few data on the
influence of HIV on severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) household transmission are available.

Methods. We performed a case-ascertained, prospective household transmission study of symptomatic adult index SARS-CoV-
2 cases LWH and not living with HIV (NLWH) and their contacts from October 2020 to September 2021. Households were followed
up 3 times a week for 6 weeks to collect nasal swabs for SARS-CoV-2 testing. We estimated household cumulative infection risk

(HCIR) and duration of SARS-CoV-2 positivity (at a cycle threshold value <30 as proxy for high viral load).

Results.

HCIR was 59% (220 of 373), not differing by index HIV status (60% LWH vs 58% NLWH). HCIR increased with index

case age (35-59 years: adjusted OR [aOR], 3.4; 95% CI, 1.5-7.8 and >60 years: aOR, 3.1; 95% CI, 1.0-10.1) compared with 18-34
years and with contacts’ age, 13-17 years (aOR, 7.1; 95% CI, 1.5-33.9) and 18-34 years (aOR, 4.4; 95% CI, 1.0-18.4) compared with
<5 years. Mean positivity was longer in cases LWH (adjusted hazard ratio, 0.4; 95% CI, .1-.9).

Conclusions. Index HIV status was not associated with higher HCIR, but cases LWH had longer positivity duration. Adults
aged >35 years were more likely to transmit and individuals aged 13-34 to be infected SARS-CoV-2 in the household. As HIV
infection may increase transmission, health services must maintain HIV testing and antiretroviral therapy initiation.

Keywords. SARS-CoV-2; COVID-19; HIV; transmission; acquisition.

By January 2022, South Africa had reported 3.6 million corona-
virus disease 2019 (COVID-19) cases and 94.3 thousand
deaths; the highest reported from Africa [1, 2]. South Africa ex-
perienced 4 severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) waves; the first dominated by ancestral variants,
followed by Beta (B.1.351), Delta (B.1.617.2), and Omicron
(B.1.1.529) variant waves [3].
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Although incident human immunodeficiency virus (HIV) infec-
tions and acquired immune deficiency syndrome (AIDS)-related
deaths from 2010 to 2019 in South Africa declined by 53% and
61%, respectively, the burden of HIV is still high, with an estimated
19% of the adult population aged 15-49 years living with HIV
(LWH); the fourth highest in sub-Saharan Africa [4]. The
SARS-CoV-2 pandemic impacted several health programs, includ-
ing HIV testing and care. During initial lockdowns, there was a de-
cline in HIV testing and antiretroviral therapy initiations, which
gradually returned to pre-lockdown levels in South Africa [5]
and other sub-Saharan African countries [6].

Few studies have reported on the influence of HIV infection on
SARS-CoV-2, with most data available from high-income coun-
tries and little evidence from sub-Saharan Africa where most peo-
ple LWH reside [4]. People LWH are at greater risk for
hospitalization [7-10] and death [9-13] when infected with
SARS-CoV-2, but SARS-CoV-2 prevalence is similar between
people LWH and people not living with HIV (NLWH) [14].
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Risk for hospitalization and death increases with a decline in CD4
+ T cells [8, 9, 13]. Limited data are available on the role of HIV in
the transmission of SARS-CoV-2. One study showed no increase
in household transmission from or acquisition of SARS-CoV-2 in-
fection in people LWH [2]. People LWH with severe COVID-19
who are not virally suppressed shed SARS-CoV-2 for longer peri-
ods [2, 15], which could lead to increased secondary transmission.

We assessed household cumulative infection risk (HCIR),
duration of SARS-CoV-2 positivity (episode duration), and se-
rial interval in households with SARS-CoV-2 index cases LWH
and NLWH from October 2020 to September 2021 during the
Beta and Delta waves.

METHODS

We conducted a case-ascertained, prospective, observational,
household transmission study of household contacts of symp-
tomatic adult index SARS-CoV-2 cases LWH and NLWH at 2
sites in South Africa: Klerksdorp (North West Province) and
Soweto (Gauteng Province). Planned sample size was 264 and
176 contacts from households with an index case NLWH
and LWH, respectively (see the Supplementary Materials).
Actual sample size was 344 and 103 household members
exposed to an index case NLWH and LWH, respectively.

Screening for Index Cases

Screening procedures are detailed in the Supplementary
Methods. In short, nasopharyngeal swabs were collected from
clinic attendees aged >18 years with symptom onset <5 days
prior to screening and tested for SARS-CoV-2 using real-time
reverse-transcription polymerase chain reaction (rRT-PCR).

Household Enrollment

We approached households of individuals who tested positive
for SARS-CoV-2 with symptom onset <7 days prior and no
household members reporting symptoms in the 14 days prior
to index screening. We enrolled households with >3 eligible
members (sharing >2 meals in the same residence for >2
days/week) and where >70% of housheold members consented
to participate. Households that withdrew within 10 days from in-
dex symptom start date were excluded from the analysis.

Index and Household Follow-up

We visited households 3 times a week for 6 weeks to collect nasal
swabs and data on symptoms and healthcare-seeking behavior
from consenting household members. At the first and last study vis-
its, clotted blood was collected for serological testing. Follow-up
started on 12 October 2020 and continued to 11 August 2021
and 28 September 2021 in Klerksdorp and Soweto, respectively.

SARS-CoV-2 Detection
Nasopharyngeal (screening) and nasal (follow-up) specimens
were tested for SARS-CoV-2 genes using qualitative rRT-PCR

with the Allplex 2019-nCoV kit (Seegene Inc, Seoul, South
Korea). Specimens were considered positive for SARS-CoV-2
if the cycle threshold (Ct) value was <40 for any gene target.

SARS-CoV-2 Variants

We characterized the first SARS-CoV-2-positive specimen for
each participant using the Allplex SARS-CoV-2 Variants I and
IT PCR assays (Seegene Inc, Seoul, Korea) and through full ge-
nome sequencing on the Ion Torrent Genexus platform
(Thermo Fisher Scientific). We classified the infection episodes
as Alpha, Beta, Delta, non-Alpha/Beta/Delta, or unknown var-
iant (see the Supplementary Material).

Serology

We used an in-house enzyme-linked immunosorbent assay to de-
tect antibodies against the SARS-CoV-2 spike protein [16] and
nucleocapsid protein using the Roche Elecsys anti-SARS-CoV-2
assay. Individuals were considered seropositive if they tested pos-
itive on either.

Statistical Analyses

Definitions of terms used for this study are listed in Table 1. To
assess factors associated with HCIR, we used logistic regression
accounting for within-site and household clustering using a
mixed-effects hierarchical regression model. To assess factors as-
sociated with a time-to-event analysis (serial interval and episode
duration), we used a multilevel mixed-effects survival model with
Weibull accelerated failure time analysis. Hazard ratios (HRs) <1
correspond to longer episode duration than observed in the ref-
erence group. Since multiple members from the same household
could potentially be included in the serial interval analysis, we
controlled for both site- and household-level clustering in the
analysis. In the episode duration analysis, we controlled for
only site clustering (1 index per household). In addition to using
site to control for clustering, it was also included as a covariate in
models. Episode duration was assessed at any Ct value (<40) and
Ct <30 (proxy for high viral load based on virus culture studies
[17]). We first assessed covariates on univariate analysis, includ-
ing all with P<.2 in the multivariable analysis. We performed
backward elimination and kept all variables with P < .05 in the fi-
nal model, except those included a priori. We included site,
SARS-CoV-2 variant, and index immune suppression related to
HIV status (defined as CD4+ T-cell count <200 cells/mL) in
the HCIR and episode duration models a priori irrespective of
statistical significance in the multivariable model. Site was includ-
ed a priori in the serial interval analysis. Due to low SARS-CoV-2
vaccination coverage in study participants (only 1 contact,
Table 2), vaccination status was not included in our analyses.

Sensitivity Analysis
To assess the influence of loss to follow-up, we performed a
sensitivity analysis that included only households where 65%
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Table 1. Definitions of Terms Used for the Study

Household A group of 3 or more people who regularly share at
least 2 meals in the same residence at least 2 days
per week (residential institutions excluded).

Index case The first household member who had coronavirus

disease 2019-like symptoms. We assumed that
the household member screened was the index
case within the household as they were the first
household member to develop symptoms.
SARS-CoV-2 infection
episode

At least 1 nasal swab rRT-PCR—positive for
SARS-CoV-2. Individuals who seroconverted
during follow-up but with no rRT-PCR-confirmed
infection were not included in secondary case
analyses.

Composed of all infections within a household
within an interval between infections of <2 weeks
including single infections within a household.

Duration of SARS-CoV-2 positivity. The start of
symptom onset to the midpoint between the last
positive swab and first negative swab. Individuals
who were still SARS-CoV-2 positive on the last
study visit (whether at the end of follow-up or due
to early withdrawal) were right-censored for the
multivariable analysis.

SARS-CoV-2 cluster

Episode duration

Serial interval Number of days between the onset of symptoms in
the index case and the onset of symptoms in the
secondary case. Multivariable analyses were
restricted to symptomatic secondary cases and to
serial interval periods of <21 days as longer serial
intervals could have been due to tertiary cases or
secondary infections.

HCIR The percentage of susceptible household members
(based on baseline serology) who had at least 1
SARS-CoV-2—positive swab from the start of
follow-up up to 2 weeks from the last
SARS-CoV-2-positive swab of the index case.
Considering susceptibility was important because
following the second wave of SARS-CoV-2
infection in South Africa, 41% of individuals were
estimated to have had previous SARS-CoV-2
infection [18]. Individuals with SARS-CoV-2
antibodies detected at baseline, but also tested
positive on rRT-PCR, were included in the HCIR
calculation. Individuals for whom no baseline
serology was available were included in the
analysis as presumed susceptible. We did not
consider any secondary introductions in the
household for our analysis. Households where
members had SARS-CoV-2 infection with
different variants of concern were excluded from
the analysis.

Abbreviations: HCIR, household cumulative infection risk; rRT-PCR, real-time
reverse-transcription polymerase chain reaction; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.

of enrolled household members completed 65% of follow-up
visits in the first 3 weeks of follow-up. To explore the effect
of previous SARS-CoV-2 infection, we considered all house-
hold members irrespective of baseline serology as susceptible
contacts in the HCIR analysis.

Ethics

The University of the Witwatersrand Human Research Ethics
Committee approved the study protocol. Participants in follow-
up received a $3.00 grocery store voucher per visit to compensate
for time required for specimen collection and interview.

RESULTS

Screening, Enroliment, and Follow-up

From 2 October 2020 to 30 September 2021, we screened 1531
clinic attendees for SARS-CoV-2; 18% (277) tested positive on
rRT-PCR. Of those who tested positive and met eligibility cri-
teria for household enrollment (n=277), 143 (52%) house-
holds were approached and 131 (92%) were enrolled. Reasons
for noninclusion are shown in Figure 1. The final cohort con-
sisted of 131 index cases and 457 household contacts
(Figure 1); the median household size was 4.

Twenty-one percent (28 of 131) of index cases were LWH,
and 2 index cases initially agreed but then refused HIV testing
after enrollment (classified as HIV unknown during analyses).
The majority (93 of 131, 71%) of index cases and contacts (265
of 457, 58%) were female (Table 2).

Of 10 584 potential study visits to individual participants, we
completed 8509 (80%) visits and detected SARS-CoV-2 in 17%
(1454 of 8352) of nasal swabs collected (Supplementary
Figure 1).

Secondary SARS-CoV-2 Cases

We diagnosed 232 (51%) rRT-PCR-confirmed secondary cases
from 457 contacts linked to 131 index cases. One-third (69 of
232) of secondary cases reported >1 symptom during their
SARS-CoV-2 episode, reporting on average 3 symptoms
(range, 1-9). The mean symptom duration was 11 days (range,
4-40). The most common symptoms reported were cough (45
of 69, 65%), headache (31 of 67, 46%), and fever (27 of 69, 39%).
Five secondary cases were hospitalized (Supplementary
Table 5).

Household Cumulative Infection Risk

Of 131 households, we excluded 7 (5%) from the HCIR analy-
sis: 4 (13 contacts) had SARS-CoV-2 clusters with >1 variant
detected (Supplementary Figure 2); in 3 (8 contacts), all con-
tacts were seropositive at baseline with no rRT-PCR-confirmed
SARS-CoV-2 infection during follow-up. An additional 42 con-
tacts were excluded because they had prevalent SARS-CoV-2
antibodies at baseline and no SARS-CoV-2 detection during
follow-up. We therefore included 124 of 131 (95%) index cases
with 373 of 436 (86%) contacts for this analysis.

The HCIR was 59% (220 of 373) overall. The mean number
of household contacts who tested positive for SARS-CoV-2 fol-
lowing the index episode was 2 (range, 0 to 7). On univariate
analysis, HCIR was similar in households with index cases
NLWH (58%, 173 of 293) and households where the index
was LWH (60%; 50 of 83; odds ratio [OR], 1.0; 95% confidence
interval [CI], .4-2.3).

On multivariable analysis after adjusting for site and im-
mune suppression, factors associated with household transmis-
sion were index case aged 35-59 years (adjusted OR [aOR], 3.4;
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Table 2. Baseline Characteristics of Severe Acute Respiratory Syndrome Coronavirus 2 Index Cases (n =131) and Their Household Contacts (n = 457),

Klerksdorp and Soweto, South Africa, September 2020-October 2021

Index Case, n/N (%)

Household Contact, n/N (%)

Index Case, n/N

Household Contact, n/N

Characteristic (%) (%) Klerksdorp Soweto Klerksdorp Soweto
Household characteristics
Index case/contact 131/588 (22) 457/588 (78) 62/274 (23) 69/314 (22) 212/274 (77) 245/314 (78)
Household size
3-5 106/131 (81) 305/457 (67) 51/62 (82) 55/69 (80) 146/212 (69) 159/245 (65)
6-10 25/131 (19) 152/457 (33) 11/62 (18) 14/69 (20) 66/212 (31) 86/245 (35)
Rooms used for sleeping
1-2 66/117 (56) 209/401 (52) 33/57 (58) 33/60 (55) 114/192 (59) 95/209 (45)
3-4 42/117 (36) 141/401 (35) 22/57 (39) 20/60 (33) 69/192 (36) 72/209 (34)
>4 9/117 (8) 51/401 (13) 2/57 (4) 7/60 (12) 9/192 () 42/209 (20)
Crowding 89/131 (68) 330/457 (72) 43/62 (69) 46/69 (67) 158/212 (75) 172/245 (70)
Child aged <5 years 17/131 (13) 63/457 (14) 10/62 (16) 7/69 (10) 43/212 (20) 20/245 (8)
Household member smokes inside 30/131 (23) 93/457 (20) 18/62 (29) 12/69 (17) 51/212 (24) 42/245 (17)
Main water source inside home 92/131 (70) 321/457 (70) 38/62 (61) 54/69 (78) 124/212 (58) 197/245 (80)
Place to wash hands inside 129/131 (98) 451/457 (99) 62/62 (100) 67/69 (97) 212/212 (100)  239/245 (98)
Main cooking fuel
Electricity 127/131 (97) 444/457 (97) 58/62 (94) 69/69 (100)  199/212 (94) 245/245 (100)
Gas/Paraffin 4/131 (3) 13/457 (3) 4/62 (6) 0/69 (0) 13/212 (6) 0/245 (0)
Monthly household income
<US$23 5/131 (4) 17/457 (4) 4/62 (6) 1/69 (1) 15/212 (7) 2/245 (1)
US$24 to US$46 6/131 (5) 19/457 (4) 4/62 (6) 2/69 (3) 12/212 (6) 7/245 (3)
US$47 to US$93 12/131 (9) 39/457 (9) 10/62 (16) 2/69 (3) 33/212 (16) 6/245 (2)
US$94 to US$187 23/131 (18) 86/457 (19) 12/62 (19) 11/69 (16) 43/212 (20) 43/245 (18)
$US188 to US$375 21/131 (16) 68/457 (15) 7/62 (11) 14/69 (20) 23/212 (11) 45/245 (18)
US$376 to US$752 8/131 (6) 33/457 (7) 2/62 (3) 6/69 (9) 5/212 (2) 28/245 (11)
US$753 to US$1506 6/131 (5) 19/457 (4) 0/62 (0) 6/69 (9) 0/212 (0) 19/245 (8)
Refused to disclose 50/131 (38) 176/457 (39) 23/62 (37) 27/69 (39) 81/212 (38) 95/245 (39)
Individual characteristics
Age, years
<5 19/457 (4) 11/212 (5) 8/245 (3)
5-12 80/457 (18) 39/212 (18) 41/245 (17)
13-17 70/457 (15) 38/212 (18) 32/245 (13)
18-34 37/131 (28) 126/457 (28) 21/62 (34) 16/69 (23) 54/212 (25) 72/245 (29)
35-59 76/131 (58) 113/457 (25) 37/62 (60) 39/69 (57) 50/212 (24) 63/245 (26)
>60 18/131 (14) 49/457 (11) 4/62 (6) 14/69 (20) 20/212 (9) 29/245 (12)
Sex
Male 38/131 (29) 192/457 (42) 17/62 (27) 21/69 (30) 93/212 (44) 99/245 (40)
Female 93/131 (71) 265/457 (58) 45/62 (73) 48/69 (70) 119/212 (56) 146/245 (60)
Level of education®
No schooling 6/129 (5) 15/283 (5) 3/60 (5) 3/69 (4) 1/120 (1) 14/163 (9)
Primary 4/129 (3) 21/283 (7) 2/60 (3) 2/69 (3) 14/120 (12) 7/163 (4)
Secondary 43/129 (33) 89/283 (31) 25/60 (42) 18/69 (26) 47/120 (39) 42/163 (26)
Matriculation 69/129 (53) 136/283 (48) 28/60 (47) 41/69 (59) 51/120 (43) 85/163 (52)
Post-secondary 7/129 (5) 22/283 (8) 2/60 (3) 5/69 (7) 7/120 (6) 15/163 (9)
Employment®
Unemployed 55/121 (45) 159/258 (62) 25/57 (44) 30/64 (47) 68/111 (61) 91/147 (62)
Student 10/121 (8) 30/258 (12) 5/57 (9) 5/64 (8) 11/111 (10) 19/147 (13)
Employed 56/121 (46) 69/258 (27) 27/57 (47) 29/64 (45) 32/111 (29) 37/147 (25)
Smoking cigarettes® 17/129 (13) 66/323 (20) 11/60 (18) 6/69 (9) 35/145 (24) 31/178 (17)
Smoke indoors 5/17 (29) 15/66 (23) 5/11 (45) 0/6 (0) 14/35 (40) 1/31 (3)
HIV status
Not living with HIV 101/131 (77) 176/457 (39) 51/62 (82) 50/69 (72) 130/212 (61) 46/245 (19)
Living with HIV 28/131 (21) 35/457 (8) 10/62 (16) 18/69 (26) 16/212 (8) 19/245 (8)
Unknown 2/131 (2) 246/457 (54) 1/62 (2) 1/69 (1) 66/212 (31) 180/245 (73)
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Table 2. Continued

Overall

Index Case, n/N (%)

Household Contact, n/N (%)

Index Case, n/N

Household Contact, n/N

Characteristic (%) (%) Klerksdorp Soweto Klerksdorp Soweto
Index case living with HIV in household

Index HIV-negative 101/131 (77) 344/457 (75) 51/62 (82) 50/69 (72) 175/212 (83) 169/245 (69)

Index HIV- positive 28/131 (21) 103/457 (23) 10/62 (16) 18/69 (26) 34/212 (16) 69/245 (28)

Index HIV unknown 2/131(2) 10/457 (2) 1/62 (2) 1/69 (1) 3/212 (1) 7/245 (3)
CD4+ T-cell count

Not living with HIV, not immune 17/28 (61) 13/35 (37) 5/10 (50) 12/18 (67) 2/16 (13) 11/19 (58)

suppressed®

Living with HIV, immune suppressed® 4/28 (14) 2/35 (6) 1/10 (10) 3/18 (17) 1/16 (6) 1/19 (5)

Living with HIV, no CD4+ T-cell count 7/28 (25) 20/35 (57) 4/10 (40) 3/18 (17) 13/16 (81) 7/19 (37)
Underlying illness® 32/129 (25) 57/448 (13) 12/60 (20) 20/69 (29) 205/212 (97) 243/245 (99)
Body mass index

Underweight 3/129 (2) 29/448 (6) 1/60 (2) 2/69 (3) 14/205 (7) 15/243 (6)

Normal 36/129 (28) 206/448 (46) 18/60 (30) 18/69 (26) 108/205 (53) 98/243 (40)

Overweight 25/129 (19) 103/448 (23) 10/60 (17) 15/69 (22) 39/205 (19) 64/243 (26)

Obese 65/129 (50) 110/448 (25) 31/60 (52) 34/69 (49) 44/205 (21) 66/243 (27)
Previous TB 7/129 (5) 9/448 (2) 2/60 (3) 5/69 (7) 6/205 (3) 3/243 (1)
Current TB 4/129 (3) 2/448 (0) 2/60 (3) 2/69 (3) 0/205 (0) 2/243 (1)
Coronavirus 2019 vaccination® 0/131 (0) 1/457 (0) 0/62 (0) 0/69 (0) 1/212 (0) 0/245 (0)

Abbreviations: HIV, human immunodeficiency virus; TB, tuberculosis.
Individuals aged >18 years.

®Individuals aged >15 years.

°Immune suppressed defined as CD4+ T-cell count <200 cells/mL.

dUnderlying medical conditions include self-reported history of diabetes, hypertension, asthma, lung disease, heart disease, stroke, spinal cord injury, epilepsy, cancer, liver disease, renal
disease, prematurity.

°At least 1 dose administered 14 days prior to enrollment.

| Patients screened N = 1531 |

SARS-CoV-2 not detected on PCR 1245/1531 (81%)
SARS-CoV-2 detected on PCR 277/1531 (18%) .
Specimen not tested 9/1531 (1%)
‘ Households approached 143/277 (52%) ‘ Not approached 134/277 (48%)
— — Not interested 52/134 (39%)

Symptom onset >7 days before enrollment 29/134 (22%)
Test result >48 hours before could be approached 5/134 (4%)
Symptomatic household contacts 6/134 (4%)
Household size <3 17/134 (13%)

Lives/works outside catchment 6/134 (4%)

Index hospitalized 12/134 (9%)

Index died 1/134 (1%)

Family member of study staff 1/134 (1%)

Could not be reached 5/134 (4%)

Households enrolled and included in analysis | | Households not enrolled/not included 12/143 (8%)
131/143 (92%) <70% of members consented 1/12 (8%)
I Early withdrawal 10/12 (83%)
Index vaccinated 1/12 (8%)

| Individuals N = 593 w

Individuals included 588/593 (99%)

131 households with 131 index cases
Contacts n = 457

Contacts not included 5/462 (1%)
Not interested 5/5 (100%)

Figure 1. Adult SARS-CoV-2 index cases and household contacts enrolled, Klerksdorp and Soweto, South Africa, 2020—-2021. Abbreviations: PCR, polymerase chain re-
action; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

95% CI, 1.5-7.8) and >60 years (aOR, 3.1; 95% CI, 1.0-10.1)
compared with 18-34 years; index cases with a Ct value <25
(aOR, 5.3; 95% CI, 1.6-17.6) and 25-35 (aOR, 7.5; 95% CI,
2.2-26.0) compared with Ct >35; and infection with the
Delta variant compared with Beta (aOR, 4.6; 95% CI, 1.5-
14.4; Figure 2, Supplementary Table 1).

Fourteen percent (17 of 124) of index cases were LWH and
not immune suppressed, while 3% (4 of 124) were LWH and
immune suppressed. Contacts of index cases LWH with im-
mune suppression had higher HCIR (62%, 8 of 13) compared
with contacts of index cases who were not immune suppressed
(58%, 30 of 52), but this was not statistically significant on
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Figure 2. Factors associated with severe acute respiratory syndrome coranavirus 2 household transmission in index cases and acquisition in household contacts on mul-
tivariable logistic regression, Klerksdorp and Soweto, South Africa, 20202021 (n = 373). Abbreviation: HIV, human immunodeficiency virus.

multivariable analysis (aOR, 2.5; 95% CI, .4-15.3). Contact age
13-17 years (aOR, 7.1; 95% CI, 1.5-33.9) and 18-34 years
(aOR, 4.4; 95% CI, 1.0-18.4) compared with <5 years and con-
tacts not currently smoking (aOR, 3.9; 95% CI, 1.7-9.0) were
associated with higher HCIR.

Episode Duration

We right-censored 6% (8 of 131) of index cases who were
SARS-CoV-2-positive on their last specimen collected at the
end of follow-up (n=5) or at withdrawal from the study (n=
3). When all 131 index cases were included, the mean episode
duration for index cases was 20 days (range, 3-47; Figure 3).
When we excluded the 8 right-censored individuals (n=
123), the mean episode duration for index cases was 19 days
(range, 3 to 45). The mean episode duration was similar for in-
dex cases NLWH (20 days; range, 3-45) compared with index
cases LWH (17 days; range, 3-45; hazard ratio [HR], 0.8; 95%
CI, .5-1.2).

On multivariable analysis, factors associated with longer ep-
isode duration at any Ct value, in days, were Soweto site (ad-
justed HR [aHR], 0.5; 95% CI, .3-.7); being aged 35-59 years
(aHR, 0.4; 95% CI, .2-.6) and being aged >60 years (aHR,
0.2; 95% CI, .1-.5) compared with aged 18-34 years; Ct <25
(aHR, 0.6; 95% CI, .2-.9) compared with Ct >35 (Figure 4,

Supplementary Table 2); and being seropositive at the end of
follow-up (aHR, 0.1; 95% CI, .0-.3). Individuals infected with
the Delta variant (aHR, 2.6; 95% CI, 1.4-5.0) and a nonvariant
of concern (aHR, 4.0; 95% CI, 1.9-8.2) compared with Beta had
shorter episode durations (Figure 4, Supplementary Table 2).

Eighty-eight (67%) index cases had >1 specimen with >1 tar-
get with Ct <30. Mean episode duration with Ct <30 was 7 days
(range, 2-17). On multivariable analysis, factors associated
with longer episode duration considering only specimens
with at least 1 target with a Ct <30, was female sex (aHR, 0.5;
95% CI, .3-.9), LWH (aHR, 0.4; 95% CI, .1-.9), and being sero-
positive at the end of follow-up (aHR, 0.01; 95% CI, .001-.2;
Figure 4, Supplementary Table 3).

Serial Interval
We excluded 5 index contact pairs where serial interval was
>21 days; 3 with an index NLWH and 2 pairs where the index
was LWH. Mean serial interval for index cases and sympto-
matic contact pairs included in the risk factor analysis was 6
days (range, 1-20; Figure 5). Mean serial interval for index cas-
es NLWH was 6 days (range, 1-15); for index cases LWH it was
8 days (range, 2-20).

On multivariable analysis, pairs with contacts aged 35-59
years (aHR, 0.3; 95% CI, .1-.9) and >60 years (aHR, 0.2; 95%
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Figure 3. Severe acute respiratory syndrome coronavirus 2 episode duration in index cases living with and not living with HIV, Klerksdorp and Soweto, South Africa, 2020—
2021 (n=123). Excludes those positive at last specimen collected. Abbreviation: HIV, human immunodeficiency virus.
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Figure 4.  Factors associated with severe acute respiratory syndrome coronavirus 2 episode duration irrespective of Ct value (left), Ct <30 (right) in index cases on Weibull
accelerated failure time regression, Klerksdorp and Soweto, South Africa, 20202021 (n = 123). Abbreviations: BMI, body mass index; Ct, cycle threshold; HIV, human im-

munodeficiency virus.

CI, .0-.8) compared with aged 18-34 years and where the con-
tact was LWH (aHR, 0.1; 95% CI, .0-.8) had longer serial inter-
vals (Figure 6, Supplementary Table 4).

Sensitivity Analysis

When individuals seropositive at baseline with no rRT-PCR-
confirmed SARS-CoV-2 infection during follow-up were not
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Figure 5. Interval between onset of symptoms in the index case and onset of symptoms in household contacts with severe acute respiratory syndrome coronavirus 2 (serial
interval) by HIV status of the index case, Klerksdorp and Soweto, South Africa, 20202021 (n = 69). Arrow indicates cutoff for inclusion in analysis for factors associated with
serial interval duration. Abbreviations: BMI, body mass index; Ct, cycle threshold; HIV, human immunodeficiency virus.

excluded, HCIR was 51% (220 of 436) overall. We found sim-
ilar factors associated with HCIR (Supplementary Table 6).
When only households where 65% of members completed
65% of visits were included, we included 112 index cases
with 342 contacts. Factors associated with HCIR, episode dura-
tion, and serial interval were similar to what we observed in the
main analysis (Supplementary Tables 7-9).

DISCUSSION

We performed a case-ascertained, prospective, household
transmission study for SARS-CoV-2 in South Africa, including
131 index cases, 28 of whom were LWH, and 457 household
contacts. We observed a 59% HCIR, HCIR being higher in
households with older index cases and contacts aged 13-17
years and 18-34 years. HCIR was also higher in households
with Delta-infected index cases vs Beta. The HCIR was similar
in index cases LWH and NLWH. Index episode durations were
longer in older individuals. Episode duration at high viral load
(Ct <30) was longer in index cases LWH, and serial interval was
longer in contacts LWH.

HCIR from previous studies has varied based on study design,
symptom status of the index case, timing within the epidemic
[19], and SARS-CoV-2 variant [20]. In our study, which included
only symptomatic index cases, we estimated the HCIR at 59%, a
higher estimate than the overall 37% reported from a recent
meta-analysis that included 33 studies performed in 2021 and
2022 and the variant-specific 23% and 30% estimates for Beta
and Delta variants, respectively [20]. In a study from
Madagascar that included both symptomatic and nonsympto-
matic index cases, HCIR was 39% [21]. The higher estimate

seen in our study may be influenced by symptom severity, as pro-
posed in previous studies [22], or the inclusion of only adult in-
dex cases; adult index cases result in higher HCIR [23]. In our
study, households with index cases aged >35 years were 3 times
more likely to result in higher HCIR compared with when index
cases were aged 18-34 years. HCIR was also higher when contacts
were aged 13-17 and 18-34 years compared with <5 years.
Contacts aged 13-18 years were also associated with higher
HCIR in the prospective household cohort study of SARS-
CoV-2, influenza, and respiratory syncytial virus community
burden, transmission dynamics, and viral interaction in South
Africa (PHIRST-C) [2], although studies from earlier in the pan-
demic showed higher attack rates in elderly household members
[22, 24]. This may be related to the shift in age distribution of cas-
es from the older population to younger individuals with progres-
sion of the pandemic [2, 18, 25]. As seen previously [2, 26, 27], we
also observed higher secondary attack rates where the minimum
rRT-PCR Ct was lower for the index case, which could be consid-
ered a proxy for higher viral load.

We observed no difference in HCIR in households with in-
dex cases living with and without HIV. However, we observed
a higher HCIR in people LWH who were immune suppressed,
but this association was not statistically significant, possibly due
to low numbers (n = 14) of included immunosuppressed index
cases LWH. This would fit with previous studies that found that
immunocompromised people LWH shed virus at low Ct values
for longer [2, 15], allowing more opportunity for secondary in-
fections, although we did not observe increased transmission in
our study, possibly due to small numbers.

The mean episode duration in index cases of 19 days was
higher than the 11 days reported from the household cohort
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regression, Klerksdorp and Soweto, South Africa, 2020-2021 (n=62). Abbreviation: HIV, human immunodeficiency virus.

study from South Africa [2] but similar to the 18-day estimate
from a meta-analysis for viral shedding time [28]. This may be be-
cause our analysis was limited to symptomatic individuals who
were shown to be associated with longer episode duration
[2, 28]. Episode duration in our study was also longer than in
studies of hospitalized South African patients where median epi-
sode duration was 13 days [15]. Previous studies from South
Africa in the community and in hospitals found that immuno-
compromised people LWH shed SARS-CoV-2 for longer [2,
15]. While we did not find overall longer shedding in people
LWH, when considering detection at Ct <30 (proxy for high viral
load), we also observed that people LWH had longer episode du-
rations. Longer episode durations may allow increased opportuni-
ty for viral evolution and the establishment of novel variants [29].

Previous serial interval estimates ranged from 4 to 7.5 days
[2, 22], similar to our estimate of 6 days. We did not find any in-
dex characteristics related to longer serial intervals, but longer se-
rial intervals were observed in contacts aged >35 years and those
LWH. Individuals with compromised immune systems (people
LWH, the elderly) may still be able to be infected with
SARS-CoV-2 toward the end of the index episode when viral
loads are lower. Due to their increased risk for hospitalization
and death [9, 13], there should be continued support for priori-
tizing COVID-19 vaccination in these populations.

Our study had limitations. We assumed the first household
member who presented with symptoms was the index case. If
the true index cases were asymptomatic, we would have under-
estimated the serial interval, although HCIR estimates should
not be greatly affected. Due to the delay between index screen-
ing and household enrollment, we did not have the exact date of
first SARS-CoV-2 positivity in household contacts and may
have also overestimated HCIR if there were multiple introduc-
tions of SARS-CoV-2 in the household. By excluding individu-
als who were seropositive at baseline with no SARS-CoV-2
infection during follow-up, we assumed 100% protection
from previous infections, which is likely not correct, and may
have overestimated HCIR. When these individuals were in-
cluded, HCIR reduced by 8%. We were unable to reach the
planned sample size for contacts of index cases LWH and
may have been underpowered to detect some differences. By
only including symptomatic index cases, our results may not
be generalizable to households with asymptomatic infections.
We did not consider the role of age-related contact patterns
within the household on household transmission. This should
be considered for future studies.

In conclusion, in 2 communities in South Africa, HCIR was
higher than in previous studies [20] and not influenced by HIV
status. Episode duration at high viral loads (inferred by Ct <30)
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was increased for index cases LWH, which may lead to increased
risk for secondary transmission and viral evolution. Serial interval
was longer in contacts LWH. Although these findings indicate
that HIV status of the index case did not affect SARS-CoV-2 trans-
mission to household contacts, it may still play a role, especially if
people LWH are not virally suppressed. Sustaining and strength-
ening HIV treatment and care programs should be a focus moving
forward to ensure people LWH are diagnosed and virally sup-
pressed to reduce prolonged shedding of SARS-CoV-2 and poten-
tially reduce increased transmission, as well as their risk for
hospitalization and death [9].
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Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors, so
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Supplementary methods

Study population

We conducted the study at two sites, Klerksdorp and Soweto. Klerksdorp is located in the
municipality of Matlosana in North West Province and has a population of over 385,000 people and is
115 km?. The households of study participants in Klerksdorp include mostly single-family houses and
shacks. Prevalence of HIV in the North West Province was estimated at 18% in 2020 for individuals
>15 years.[1] Soweto is a township outside of Johannesburg, located in the Gauteng Province where
the HIV prevalence for individuals >15 years was estimated at 15% in 2020.[1] Its population is 1.5
million and encompasses 150 km?. Housing structures include, but are not limited to single-family
houses, multi-unit dwellings, shacks within informal settlements and in the backyards of formal
residences, and hostels. Clinic catchment areas were defined as Kenneth Kaunda District in North
West Province and sub-district Region D of City of Johannesburg district in Gauteng Province),

Sample size

We aimed to assess a significant difference in the household cumulative infection risk (HCIR)
between household contacts exposed to SARS-CoV-2 by a HIV-infected vs HIV-uninfected index
case for a 95% confidence interval and 80% power. We assumed an average household size of 5
individuals, a HIV prevalence among index cases presenting with COVID-19-like-illness of 40%
(based on HIV prevalence for influenza-like illness),[2] and a HCIR of 10% in household members
exposed to an HIV-uninfected index case and a HCIR of 20% among household members exposed to
a HIV-infected index case. The resulting total sample size for this study was 440 exposed household
members: 264 exposed household members from households with an HIV-uninfected index case and
176 exposed household members from households with an index case LWH.

Screening for index cases

Screening for index cases started in October 2020 and continued September 2021, and was done at
three clinics in Klerksdorp (Jouberton, Alabama and Grace Mokhomo clinics), and five in Soweto
(Lillian Ngoyi, Zola, Mofolo and Chaiwelo Community Health Centres; and Mofolo clinic).
Screening started in October 2020 and continued until June 2021 in Klerksdorp and September 2021
in Soweto. In July 2021, the Soweto site was reduced to two clinics.
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Study staff screened clinic attendees 18 years and older on week days for suspected COVID-19
including any of the following symptoms: fever, cough, sore throat, difficulty breathing, myalgia,
headaches, running nose and diarrhoea; with symptom onset <5 days prior to screening. Two
nasopharyngeal swabs were collected from consenting eligible individuals; one of which was
transported in viral or universal transport medium to the National Institute for Communicable
Diseases (NICD) for SARS-CoV-2 RNA detection using real-time reverse transcription polymerase
chain reaction (rRT-PCR), and the other was used for point-of-care SARS-CoV-2 testing using the
rapid antigen detection kit (implemented February 2021, Standard Q COVID-19 Ag test, SD
Biosensor, Chungcheongbuk-do, South Korea). All positive antigen tests were verified with rRT-
PCR. Staff also completed a case investigation form to collect demographic information, symptoms,
and underlying medical conditions, including HIV infection. In addition to active screening at clinics,
individuals who tested positive for SARS-CoV-2 meeting study case definitions were also referred
from the influenza-like illness surveillance program in Klerksdorp[2] and by contact tracing teams in
the site districts as part of the national public health response to COVID-19 in South Africa. Referred
individuals were included if a documented SARS-CoV-2 positive test was available.

Household enrolment

We approached households of individuals who tested positive for SARS-CoV-2, with symptom onset
less than 7 days prior (up to 5 days prior to screening with another 48 hours for testing to be
completed), and who reported at least two additional household members. We excluded households
who resided outside the clinics’ catchment areas, if household contacts reported symptoms in the 14
days prior to screening, or if the index cases were hospitalised immediately following screening).
Once the head of household provided permission, all household members were approached for
consenting and enrolment. Households with >3 eligible members, of whom >70% consented to
participate were enrolled. To allow for sufficient possible transmission events in each enrolled
household, we did not enrol households with <3 members. During enrolment we collected
information on household characteristics such as household size, caretaking roles, sleeping
arrangements and housing; and demographics, underlying medical conditions, education,
employment, smoking, alcohol use and vaccination information. We did not collect information
SARS-CoV-2 infections prior to study enrolment. Households that withdrew within 10 days from
index symptom start date were excluded from the analysis. All data collected during screening and
follow up visits were captured in real-time using tablets onto Research Electronic Data Capture
(REDCap) databases hosted at the University of the Witwatersrand[3].

Symptoms

Symptoms recorded for all ages were self-reported or measured fever, cough, shortness of breath or
difficulty breathing, nasal congestion or a runny nose, vomiting and diarrhoea. We also collected sore
throat, lost sense of smell or taste, abdominal pain, muscle aches, fatigue, headache and confusion in
those aged >5 years, and poor feeding, irritation, and lethargy for those <5 years.

HIV testing

Point of care rapid HIV enzyme-linked immunosorbent assay (ELISA) testing (WANTAI HIV 1+2Ab
Rapid test, Beijing Wantai Biological, Beijing, China) was offered to all individuals at screening with
an unknown HIV status, or for whom a documented negative HIV result was from > 6 months
previously. For consenting household contacts HIV status was determined using rapid HIV tests if
unknown or a documented negative status was not available within the previous 6 months. For
children aged 10 years and younger whose mother had a documented HIV negative status during
pregnancy, HIV status was considered negative. Where participants did not agree to rapid testing at
point of care, but did consent to HIV testing, residual serum was tested for HIV antibodies using an
ELISA assay at NICD. Data on recent CD4+ T cell count and HIV viral load was collected for
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individuals living with HIV. If these data were not available, samples were collected and viral load
tested by quantitative rRT-PCR (Roche Cobas Ampliprep/Cobas Tagman HIV-1 test, Roche
Diagnostics, Mannheim, German) at the NICD.

SARS-CoV-2 detection

Nasopharyngeal (screening) and nasal (follow-up) specimens were collected using nylon flocked
swabs and transported in viral or universal transport medium to the NICD for testing. Nasopharyngeal
specimens were used during screening as this is the standard of care for SARS-CoV-2 diagnostics in
South Africa due to higher sensitivity. Nasal specimens were used during follow-up due to better
acceptability for participants (less discomfort than nasopharyngeal specimens) and reduced
occupational transmission risk for study nurses (lower probability for aerosolisation). Total nucleic
acids were extracted from 200ul of sample using a MagNA Pure 96 automated extractor and the
DNA/Viral NA Small Volume v2.0 extraction kit (Roche Diagnostics, Mannheim, Germany). The E,
RdRp and N SARS-CoV-2 genes were detected by rRT-PCR, using the Allplex™ 2019-nCoV kit
(Seegene Inc., Seoul, South Korea). Specimens were considered positive for SARS-CoV-2 if the cycle
threshold (C;) value was below 40 for any of the gene targets.

SARS-CoV-2 variants

The first SARS-CoV-2 positive specimen for each participant was subjected to the Allplex™ SARS-
CoV-2 Variants | and 1l PCR assays (Seegene Inc., Seoul, Korea). The Variants | assay targets the
RdRp gene, HV69/70 deletion, N501Y and E484K mutations; and the Variants 1l assay targets the
L452R, W152C, K417T and K417N mutations; allowing differentiation between the Alpha (B.1.1.7
Pango lineage), Beta (B.1.351), Delta (B.1.617.2), Gamma (P.1) variants of concern, and the US-
California variant of interest (B.1.429).

In addition, the same specimen was sequenced on the lon Torrent Genexus platform using AmpliSeq
for SARS-CoV-2 (lllumina), which is based on the ARTIC SARS-CoV-2 sequencing protocol
(https://www.protocols.io/view/illumina-nextera-dna-flex-library-construction-and-bhjgj4jw).
Genomes were assembled using the Exatype SARS-CoV-2 pipeline (https://sars-cov-2.exatype.com/),
which includes de-duplicating sequenced reads data, base-calling, de-multiplexing, removal of
amplicon primer sequences prior to variant calling, mapping to a reference using Examap and finally
consensus sequence generation. These consensus sequences were manually inspected and polished
using Aliview v1.27 (http://ormbunkar.se/aliview/). The reference genome used throughout the
assembly process was NC_045512.2 (Accession number: MN908947.3). Clade and lineage
assignments were made using the online Nextclade (https://clades.nextstrain.org/) and PANGOL.in
(https://pangolin.cog-uk.io/) applications, which also enable identification of known variants of
concern as well as novel mutations. Only specimens with a C; value <35 on at least one gene target in
the initial rRT-PCR was sequenced. If the first specimen in the episode was not successfully
characterised (due to high C; values in initial rRT-PCR or poor sample quality), a second specimen
was characterised by variant PCR and sequencing.

Variants were assigned firstly based on sequencing results where sequence coverage/reads was
sufficient for clade and lineage classification, followed by the variant PCR results when sequence
coverage/reads was low, and then based on variants detected within the household if no sequencing or
variant PCR result was available. Where no variant-specific mutations were detected in the PCR, and
the RdRp gene C; value was <35, and internal controls for both assays were detected, the episodes
were classified as attributed to a non-Alpha/Beta/Delta variant. Where more than one variant was
detected within one SARS-CoV-2 cluster, specimens were retested from fresh aliquots of the same
sample to confirm results. Confirmed mixed variant clusters were excluded from HCIR analyses.

Serology
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We used an ELISA to detect antibodies against SARS-CoV-2 spike protein as previously
described[4]. In summary, recombinant trimeric spike protein was coated at 2 pg/ml onto 96-well,
high-binding plates and incubated overnight at 4°C. The plates were washed and incubated at 37 °C
for 1-2 hours in blocking buffer (5% skimmed milk powder, 0.05% Tween 20, 1x PBS). Serum
samples were added at 1:100 dilution, following a one-hour incubation at 37 °C and anti-human
horseradish peroxidase-conjugated antibody was added for another one hour at 37°C. The signal was
developed with OneStep TMB substrate (Thermo Fisher Scientific, USA) for 5 min at room
temperature, followed by addition of 1 M H,SO4 stop solution. Absorbance at 450 nm was measured
and specimens with optical density (OD)>0.4 were considered positive for anti-spike antibodies. For
the nucleocapsid protein we performed the assay on the Cobas €601 instrument (Roche Diagnostics),
and we considered a cut-off index (COI) >1.0 as positive for anti-nucleocapsid antibodies.

Supplementary results

Serology

At baseline, 67% (83/123) of index cases for whom serology results were available were already
seropositive for SARS-CoV-2, which increased to 98% (107/109) after six weeks of follow-up. Two
individuals had a rRT-PCR-confirmed SARS-CoV-2 episode, but were still seronegative for SARS-
CoV-2 antibodies at the end of follow-up. The first individual who did not seroconvert was a HIV-
uninfected male. Episode duration was 6 days, with only one positive swab (collected at screening)
with a minimum C; value of 38. There was no secondary transmission (0/2) detected in the household
linked to the illness episode. The second was a female living with HIV, with an episode duration of 9
days and minimum C; value of 26. There was an 80% (4/5) attack rate in the household. No HIV viral
load or CD4+ T cell count were available.

Paired baseline and exit sera were available in 72% (331/457) of contacts. In those with paired sera,
39% (128/331) where already seropositive at baseline, 57% (73/128) of whom had a rRT-PCR-
confirmed SARS-CoV-2 infection during follow-up. Of those initially seronegative, 47% (95/203)
were seropositive after six weeks of follow-up; 80% (76/95) of whom had at least one respiratory
specimen positive for SARS-CoV-2 positive specimen. The 19 contacts who seroconverted during
follow-up but with no rRT-PCR-confirmed infection were not included as secondary cases in attack
rate estimates or the risk factor analysis as we could not confirm if this episode was linked to the
index case episode. Twenty percent (19/95) of contacts initially seronegative who had at least one
respiratory specimen positive for SARS-CoV-2 positive did not seroconvert by the end of the follow-
up period. Of the 91 index cases and 331 contacts with paired sera, no sero-reversions were detected.

Only one household contact was vaccinated for SARS-CoV-2 with at least one dose 14 days before
enrolment. This participant was seropositive at baseline with no rRT-PCR-confirmed infection during
follow up, and therefore not included in the analysis.

Mixed SARS-CoV-2 variant clusters

We identified four households where multiple SARS-CoV-2 variants were detected within one
cluster. These were two Beta and Delta clusters, one Alpha and Beta cluster, and one Beta and C.1.2
cluster (Supplementary Figure 2).

Out-patient consultations, hospitalisations and deaths

The proportion of individuals infected with SARS-CoV-2 who had COVID-19-related
hospitalisations, was 6% (6/131) in index cases and 1% (5/457) in contacts (Supplementary Table 5),
with one death each of an index case and contact.
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Supplementary discussion

Household cumulative infection risk

From our results, there were fewer secondary cases in contacts who smoked. While evidence exists
that smoking may lead to poorer COVID-19 outcomes,[5] other studies have also found a negative
association with smoking and SARS-CoV-2 infection.[5, 6] The latter association may be a result of
confounding biases including socio-economic status and healthcare seeking behaviour,[5] or possible
decreased test sensitivity[6] or could reflect a true biological interaction.

Episode duration

On multivariable analysis, index cases that were underweight (aHR 5.8, 95%CI 1.5-22.1) or obese
(aHR 2.0, 95%CI 1.2-3.5) compared to a normal BMI, had shorter episode durations (Supplementary
Table 2). Obesity has been shown to be associated with increased episode duration,[7] of which we
observed the inverse with individuals of normal weight having longer episode durations, the reason
for this is unclear.

After adjusting for confounders on multivariable analysis, individuals infected with the Delta variant
had shorter episode durations than those infected with Beta, while episode duration did not differ
based on variant when considering detection at a Ci<30. In contrast, households with Delta infections
had higher HCIR. Longer episode duration does not necessary indicate shedding of live virus; and
higher HCIR with Delta might be related to higher viral loads[8] and increased infectiousness.[9] We
did observe lower minimum C; values (proxy for higher viral load) in secondary cases infected with
Delta vs Beta. The shorter episode durations with Delta infections in index cases observed could also
be due to repeat infections in some index cases, which have been shown to result in shorter episode
durations.[8] We did not collect information SARS-CoV-2 infections prior to study enrolment.
Episode duration based on C<30 (as a proxy for higher viral load) was longer in females. This
association of longer episode duration in females has not been observed in other studies, and warrants
further investigation.

Limitations

Although we reached our overall sample size, we only managed to enrol 103 exposed household
members from households with an index case LWH (59% of target). The HIV prevalence amongst
screened patients were lower than anticipated (9% vs expected 40% as seen in surveillance for
influenza-like illness). Furthermore, very few index cases were immunosuppressed, likely due to a
high proportion of PLWH being in care. Individuals who are not on ART may be less likely to seek
care and be identified as SARS-CoV-2 index cases.

We did not perform quantitative rRT-PCR to determine viral loads to validate the use of Ci<30 as a
proxy for high viral load. We also did not culture samples to confirm the shedding of live virus at
Ci<30, but rather based this assumption on previous literature [10].
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213
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215

Supplementary tables

Supplementary Table 1. Factors associated with SARS-CoV-2 household transmission in index
cases and acquisition in household contacts, Klerksdorp and Soweto, South Africa, 2020-2021,

(n=373).

Characteristic

HCIR*, n/N (%)

Univariate, OR

Multivariable,

(95%ClI) aOR (95%ClI)
Index characteristics
Site
Klerksdorp 95/174 (54.6) Reference
Soweto 125/199 (62.8) 1.4 (0.7-2.8) 1.1 (0.5-2.1)
Age (years)
18-34 54/108 (50.0) Reference Reference
35-59 137/218 (62.8) 1.9 (0.9-4.2) 3.4 (1.5-7.8)
>60 29/47 (61.7) 1.8 (0.6-6.0) 3.1(1.0-10.2)
Sex
Male 64/111 (57.7) 0.9 (0.4-1.9)
Female 156/262 (59.5) Reference
HIV
HIV-infected 51/85 (60.0) 1.0 (0.4-2.3)
HIV-uninfected 163/279 (58.4) Reference
Unknown HIV-status 6/9 (66.7) 0.8 (0.1-11.4)
CD4+ T cell count
HIV-infected, not immune suppressedf 30/52 (57.7) Reference Reference
HIV-infected, immune suppressed 8/13 (61.5) 1.6 (0.2-13.5) 2.5(0.4-15.3)
HIV-infected, no CD4+ T cell count 13/20 (65.0) 1.5(0.2-8.7) 1.2 (0.2-5.8)
HIV-uninfected 163/279 (58.4) 1.2 (0.4-3.3) 1.8 (0.7-4.9)
Unknown HIV-status 6/9 (66.7) 1.0 (0.1-15.3) 0.5 (0.0-5.5)
Underlying illness:
No 172/293 (58.7) 0.8 (0.3-1.8)
Yes 48/75 (64.0) Reference
Unknown 0/5 (0.0) Excluded
Body-mass index
Underweight 3/9 (33.3) 0.2 (0.0-2.2) 0.1 (0.0-0.8)
Normal weight 68/108 (63.0) Reference Reference
Overweight 44/67 (65.7) 1.1 (0.4-3.2) 0.6 (0.2-1.5)
Obese 105/184 (57.1) 0.8 (0.4-1.7) 0.4 (0.2-0.9)
Unknown 0/5 (0.0) Excluded Excluded
Crowding
No 56/88 (63.6) 1.5(0.7-3.3)
Yes 164/285 (57.5) Reference
Child <5 years in home
No 190/316 (60.1) 1.8 (0.7-5.0)
Yes 30/57 (52.6) Reference
Current cigarette smoke (self-reported)
No 203/328 (61.9) 2.8 (1.0-8.0)
Yes 17/40 (42.5) Reference
Unknown 0/5 (0.0 Excluded

Episode duration
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Characteristic

HCIR*, n/N (%)

Univariate, OR

Multivariable,

(95%Cl) aOR (95%ClI)
1-10 days 64/122 (52.5) Reference
11-21 days 53/95 (55.8) 1.5 (0.6-3.6)
>21 days 101/151 (66.9) 2.3(1.0-5.3)
Positive at last visit 2/5 (40.0) 0.5 (0.0-8.7)
Fever
No 110/187 (58.8) Reference
Yes 110/186 (59.1) 1.1(0.5-2.2)
Minimum C: value
>35 9/39 (23.1) Reference Reference
25-35 86/139 (61.9) 8.3(2.4-28.1) 7.5 (2.2-26.0)
<25 123/192 (64.1) 8.7 (2.7-28.4) 5.3 (1.6-17.6)
Unknown 2/3 (66.7) 10.2 (0.3-402.1) 11.3(0.4-355.6)
Serostatus at follow-up end
Seronegative 4/7 (57.1) 0.5 (0.0-7.4)
Seropositive 182/293 (62.1) Reference
Unknown 34/73 (46.6) 0.4 (0.2-1.1)
SARS-CoV-2 variant
non-Alpha/Beta/Delta 18/28 (64.3) 1.3(0.4-4.2) 2.1(0.7-6.3)
Alpha 16/20 (80.0) 3.3(0.7-14.8) 3.4 (0.8-15.6)
Beta 144/253 (56.9) Reference Reference
Delta 40/49 (81.6) 3.6 (1.2-10.7) 4.6 (1.5-14.4)
Unknown 2/23 (8.7) 0.0 (0.0-0.3) 0.1 (0.0-0.5)
Contact characteristics
Age (years)
<5 5/19 (26.3) Reference Reference
5-12 40/73 (54.8) 4.2 (1.0-17.6) 1.9 (0.4-7.9)
13-17 43/60 (71.7) 15.8 (3.4-74.0) 7.1(1.5-33.9)
18-34 56/95 (59.0) 6.4 (1.6-26.1) 4.4 (1.0-18.4)
35-59 56/90 (62.2) 6.3 (1.5-26.4) 4.4 (1.0-18.6)
>60 20/36 (55.6) 6.1(1.2-30.2) 2.9 (0.6-14.4)
Sex
Male 83/160 (51.9) Reference
Female 137/213 (64.3) 2.0(1.2-349)
HIV
HIV-uninfected 82/147 (55.8) 1.1 (0.4-3.1)
HIV-infected 16/28 (57.1) Reference
HIV status unknown 122/198 (61.6) 1.3 (0.5-3.5)
Underlying illness
No 189/323 (58.5) Reference
Yes 30/42 (71.4) 2.6 (1.0-6.8)
Unknown 1/8 (12.5) 0.1 (0.0-0.8)
Body-mass index
Underweight 15/25 (60.0) 1.0 (0.3-3.0)
Normal weight 96/173 (55.5) Reference
Overweight 44/77 (57.1) 1.2 (0.6-2.4)
Obese 64/90 (71.1) 2.4 (1.2-4.9)
Unknown 1/8 (12.5) 0.1 (0.0-1.0)
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217
218
219
220
221

222

223

Characteristic

HCIR*, n/N (%)

Univariate, OR

Multivariable,

(95%Cl) aOR (95%ClI)

Current cigarette smoke (self-reported)

No 197/320 (61.6) 2.8(1.2-6.2) 3.9(1.7-9.0)

Yes 22149 (44.9) Reference Reference

Unknown 1/4 (25.0) 0.4 (0.0-10.4) Excluded
Sleep in same room as index

No 150/261 (57.5) Reference

Yes 70/112 (62.5) 1.2 (0.7-2.1)
Index is main caregiver

No 183/313 (58.5) 1.2 (0.6-2.6)

Yes 37/60 (61.7) Reference

OR - Odds ratio, aOR — Adjusted odds ratio. *Household cumulative infection risk (HCIR) excludes
household members seropositive at baseline with no SARS-CoV-2 detected on rRT-PCR during
follow-up and households with mixed SARS-CoV-2 variant clusters. TImmune suppressed defined as
CDA4+ T cell count <200 cells/ml. $Underlying illness: self-reported history of diabetes, hypertension,
asthma, lung disease, heart disease, stroke, spinal cord injury, epilepsy, cancer, liver disease, renal
disease, pre-maturity. Bold face font denotes p<0.05.
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224  Supplementary Table 2. Factors associated with SARS-CoV-2 episode duration (irrespective of C;
225  value) in index cases, Klerksdorp and Soweto, South Africa, 2020-2021, (n=123). HR — Hazard ratio*

Episode duration, days, Univariate, Multivariable,

Characteristic

Mean + SD (Range)

HR* (95%Cl)

aHR (95%CI)

Site
Klerksdorp 17.0£11.6 (4.0-45.0) Reference Reference
Soweto 21.2+12.6 (3.0-45.0) 0.6 (0.5-0.9) 0.4 (0.3-0.7)
Age (years)
18-34 16.5+11.3 (4.0-41.0) Reference Reference
35-59 18.6£12.6 (3.0-45.0) 0.7 (0.5-1.1) 0.4 (0.2-0.6)
>60 27.3+10.0 (6.0-43.0) 0.5(0.3-0.8) 0.2 (0.1-0.5)
Sex
Male 18.5£13.2 (3.0-45.0) Reference Reference
Female 19.3+11.9 (3.0-45.0) 1.1 (0.7-1.6) 0.8 (0.5-0.0)
HIV
HIV-infected 17.2412.0 (3.0-45.0) 0.8 (0.5-1.2) 1.5(0.8-2.7)
HIV-uninfected 19.6£12.4 (3.0-45.0) Reference Reference
Unknown HIV-status 18.5+10.6 (11.0-26.0) 1.3 (0.3-5.6) 0.9 (0.2-4.5)
CD4+ T cell count
HIV-infected, not immune suppressed 18.8+12.8 (3.0-45.0) Reference Reference
HIV-infected, immune suppressed 14.1+9.0 (7.0-33.0) 1.4 (0.5-4.3) 1.0 (0.3-3.7)
HIV-infected, no CD4+ T cell count 14.1+9.0 (7.0-33.0) 1.9 (0.8-4.7) 0.9 (0.3-2.5)
HIV-uninfected 19.6+12.4 (3.0-45.0) 1.0 (0.6-1.6) Omitted
Unknown HIV-status 18.5£10.6 (11.0-26.0) 1.4 (0.3-6.2) Omitted
Underlying illness:
No 19.1+12.4 (3.0-45.0) Reference
Yes 19.8+12.2 (3.0-41.0) 0.8 (0.5-1.3)
Unknown 9.0£0.0 (9.0-9.0) 4.0 (1.0-17.0)
Body-mass index
Underweight 13.0+4.6 (9.0-18.0) 3.0 (0.9-10.1) 5.8 (1.5-22.1)
Normal weight 20.1+12.9 (6.0-45.0) Reference Reference
Overweight 19.9+14.5 (3.0-43.0) 1.0 (0.6-1.7) 1.7 (0.9-3.2)
Obese 18.8+11.3 (4.0-44.0) 1.2 (0.8-1.9) 2.0(1.2-3.5)
Unknown 9.0£0.0 (9.0-9.0) 4.6 (1.1-19.9) 2.8 (0.6-14.2)
Crowding
No 18.0£11.7 (3.0-43.0) Reference
Yes 19.6+12.5 (3.0-45.0) 0.8 (0.5-1.2)
Child <5 years in home
No 19.5+12.2 (3.0-45.0) 0.7 (0.4-1.3)
Yes 16.6£12.5 (4.0-35.0) Reference
Current cigarette smoke (self-reported)
No 19.9+12.5 (3.0-45.0) 0.6 (0.3-1.1)
Yes 15.3+10.3 (3.0-37.0) Reference
Unknown 9.0£0.0 (9.0-9.0) 2.8 (0.6-12.5)
Fever
No 15.8+10.5 (3.0-45.0) Reference
Yes 22.4+13.1 (3.0-45.0) 0.7 (0.5-0.9)
Minimum C: value
>35 10.8+7.0 (3.0-26.0) 0.4 (0.2-0.8) 1.8 (0.9-3.6)

Page 9 of 28



Episode duration, days, Univariate, Multivariable,

Characteristic Mean + SD (Range)  HR* (95%Cl) _ aHR (95%CI)

25-35 15.2+11.8 (3.0-45.0) Reference Reference
<25 24.1+11.5 (9.0-43.0) 0.3(0.1-0.5) 0.5 (0.3-0.9)
Unknown 8.0+0 (8.0-8.0) 2.2(0.3-17.0) 12.2(1.4-103.2)

Serostatus at follow-up end

Seronegative 7.5+2.1 (6.0-9.0) Reference Reference
Seropositive 20.6+12.4 (3.0-45.0) 0.1 (0.0-0.5) 0.0 (0.0-0.3)
Unknown 13.5+10.2 (3.0-38.0) 0.2 (0.1-1.0) 0.1 (0.0-0.7)
SARS-CoV-2 variant
non-Alpha/Beta/Delta 13.649.8 (4.0-38.0) 2.4 (1.3-4.6) 4.0 (1.9-8.2)
Alpha 21.4+15.1 (7.0-41.0) 0.9 (0.4-1.9) 0.8 (0.3-2.1)
Beta 20.4+12.9 (3.0-45.0) Reference Reference
Delta 20.1+9.9 (4.0-41.0) 1.2 (0.7-2.1) 2.6 (1.4-5.0)
Unknown 11.447.0 (5.0-28.0) 3.0(1.5-5.9) 1.6 (0.7-3.6)

226  *Estimated using Weibull accelerated failure time regression adjusted for clustering by site and

227  household. Hazard ratio <1 corresponds to longer episode duration than reference group used.

228  fImmune suppressed defined as CD4+ T cell count <200 cells/ml. $Underlying illness: self-reported
229  history of diabetes, hypertension, asthma, lung disease, heart disease, stroke, spinal cord injury,

230  epilepsy, cancer, liver disease, renal disease, pre-maturity. Bold face font denotes p<0.05.

231
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232
233

Supplementary Table 3. Factors associated with SARS-CoV-2 episode duration (C; value<30) in
index cases, Klerksdorp and Soweto, South Africa, 2020-2021, (n=123). HR — Hazard ratio*

Characteristic

Episode duration,
days, Mean + SD
(Range)

Univariate,

HR* (95%Cl)

Multivariable,
aHR (95%Cl)

Site
Klerksdorp
Soweto
Age (years)
18-34
35-59
>60
Sex
Male
Female
HIV
HIV-infected
HIV-uninfected
Unknown HIV-status
CD4+ T cell count
HIV-infected, not immune suppressed
HIV-infected, immune suppressedf
HIV-infected, no CD4+ T cell count
HIV-uninfected
Unknown HIV-status
Underlying illness}
No
Yes
Unknown
Body-mass index
Underweight
Normal weight
Overweight
Obese
Unknown
Crowding
No
Yes
Child <5 years in home
No
Yes
Current cigarette smoke (self-reported)
No
Yes
Unknown
Fever
No
Yes
Minimum C: value

6.9+2.2 (3.0-13.0)
7.0+2.6 (2.0-17.0)

6.6+2.8 (3.0-17.0)
7.0+2.2 (2.0-13.0)
7.3+2.5 (4.0-12.0)

6.7+2.4 (3.0-12.0)
7.0+2.5 (2.0-17.0)

7.3+2.8 (2.0-12.0)
6.8+2.3 (3.0-17.0)
9.0+0 (9.0-9.0)

7.243.1 (2.0-12.0)
7.3+2.1 (5.0-9.0)
7.5+3.3 (4.0-12.0)
6.8+2.3 (3.0-17.0)
9.0+0 (9.0-9.0)

7.0+2.6 (2.0-17.0)
6.6+2.0 (3.0-11.0)
9.0+0 (9.0-9.0)

10.5+2.1 (9.0-12.0)
6.7+1.7 (4.0-10.0)
6.1+2.2 (3.0-12.0)
7.242.7 (2.0-17.0)
9.00 (9.0-9.0)

6.6+2.2 (3.0-13.0)
7.1+2.5 (2.0-17.0)

6.9+2.5 (2.0-17.0)
6.8+1.2 (5.0-9.0)

6.8+2.3 (2.0-13.0)
7.83.6 (5.0-17.0)
9.0+0 (9.0-9.0)

6.3+2.4 (2.0-13.0)
7.4+2.4 (3.0-17.0)

Reference
0.6 (0.4-1.0)

Reference
1.0 (0.6-1.6)
0.3 (0.1-0.6)

Reference
0.7 (0.4-1.1)

0.4 (0.2-0.7)
Reference

0.6 (0.1-4.4)

Reference

4.1 (1.1-10.9)

3.3 (1.0-9.3)

4.4 (2.1-21.6)

2.7 (0.3-0.0)

Reference
1.5 (0.9-2.5)
0.7 (0.1-5.5)

0.8 (0.2-3.6)
Reference
2.7 (1.3-5.3)
1.7 (1.0-3.0)
1.2 (0.2-9.4)

Reference
0.7 (0.4-1.0)

0.8 (0.4-1.6)
Reference

1.2 (0.6-2.3)

Reference
0.8 (0.1-6.5)

Reference
1.1 (0.7-1.7)

Reference
0.7 (0.4-1.2)

Reference
1.0 (0.5-1.8)
0.6 (0.2-1.5)

Reference
0.5 (0.3-0.9)

0.4 (0.1-0.9)
Reference
0.6 (0.1-4.9)

Reference
2.3 (0.5-10.3)
0.6 (0.1-3.0)

Omitted
Omitted

0.6 (0.1-2.7)
Reference
2.1 (0.9-5.0)
1.3 (0.6-2.7)
0.6 (0.1-5.2)
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234
235
236
237
238
239

240

241

Episode duration,

e Univariate, Multivariable,
Characteristic days, Mean = SD HR* (95%Cl) aHR (95%Cl)
(Range)
>35 No observations obse::l/(;tions No observations
25-35 11.1+6.5 (3.0-31.0) Reference Reference
<25 24.1+11.5 (9.0-43.0) 0.7 (0.4-1.2) 1.1(0.6-2.1)
Unknown No observations No No observations

Serostatus at follow-up end

Seronegative 4.0£0 (4.0-4.0)

Seropositive 7.0+2.5 (2.0-17.0)
Unknown 6.6+2.1 (3.0-10.0)

SARS-CoV-2 variant

non-Alpha/Beta/Delta 6.8+1.6 (5.0-10.0)
Alpha 6.0£2.2 (3.0-9.0)
Beta 7.242.6 (3.0-17.0)
Delta 6.4+2.1 (3.0-11.0)
Unknown 6.0£5.7 (2.0-10.0)

observations

Reference
0.2 (0.0-1.2)
0.2 (0.0-1.9)

1.3 (0.7-2.7)
1.6 (0.7-3.8)
Reference
0.4 (0.2-0.8)
1.1 (0.3-4.5)

Reference
0.01 (0.01-0.2)
0.02 (0.01-0.3)

1.7 (0.8-3.7)
1.6 (0.6-4.2)
Reference
1.1 (0.5-2.5)
1.0 (0.2-4.5)

*Estimated using Weibull accelerated failure time regression adjusted for clustering by site and
household. Hazard ratio <1 corresponds to longer episode duration than reference group used.
tImmune suppressed defined as CD4+ T cell count <200 cells/ml. $Underlying illness: self-reported
history of diabetes, hypertension, asthma, lung disease, heart disease, stroke, spinal cord injury,
epilepsy, cancer, liver disease, renal disease, pre-maturity. Omitted categories of co-variates were co-

linear in multivariable model. Bold face font denotes p<0.05.
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Supplementary Table 4. Factors associated with serial interval of SARS-CoV-2 in cases with
symptomatic illness, Klerksdorp and Soweto, South Africa, 2020-2021, (n=62). HR — Hazard ratio*

Characteristic

Serial interval,
days, Mean + SD
(Range)

Multivariable,
aHR (95%Cl)

Univariate,
HR* (95%Cl)

Index characteristics
Site
Klerksdorp
Soweto
Age (years)
18-34
35-59
>60
Sex
Male
Female
HIV
HIV-infected
HIV-uninfected
Underlying illness
No
Yes
Body-mass index
Normal weight
Overweight
Obese
Crowding
No
Yes
Child <5 years in home
No
Yes
Current cigarette smoke (self-reported)
No
Yes
Episode duration
1-10 days
11-21 days
>21 days
Unknown
Fever
No
Yes
Minimum Ct value
25-35
<25
Serostatus at end
Seronegative
Seropositive

5.8+4.1 (1.0-21.0)
7.5+4.0 (2.0-20.0)

6.6+4.6 (1.0-15.0)
6.4+3.6 (2.0-21.0)
7.0+6.4 (2.0-20.0)

6.7+4.6 (2.0-21.0)
6.5+3.9 (1.0-20.0)

9.3+7.9 (2.0-21.0)
6.1+3.2 (1.0-15.0)

6.9+4.4 (1.0-21.0)
17.0¢5.5 (2.0-14.0)

7.245.8 (2.0-21.0)
6.3+3.7 (2.0-15.0)
6.4+3.7 (1.0-20.0)

5.9+4.1 (1.0-15.0)
6.8+4.1 (2.0-21.0)

6.5+4.2 (1.0-21.0)
6.9+3.6 (2.0-12.0)

6.7+4.2 (1.0-21.0)
4.3+0.5 (4.0-5.0)

6.8+4.0 (2.0-15.0)
7.4+4.6 (1.0-21.0)
5.9+4.0 (2.0-20.0)

7.0+4.7 (1.0-20.0)

6.2+3.7 (2.0-21.0)

6.3+5.5 (1.0-21.0)
6.7+3.1 (2.0-15.0)

6.1+3.0 (2.0-14.0)
6.9+4.6 (1.0-21.0)

Reference

0.3 (0.1-1.3) 0.3(0.1-1.3)

Reference
0.6 (0.1-3.0)
0.9 (0.1-7.9)

0.9 (0.2-3.9)
Reference

0.2 (0.0-1.4)
Reference

Reference
1.5(0.4-6.1)

0.7 (0.1-4.8)
Reference
0.7 (0.1-3.5)

Reference
0.8 (0.2-3.3)

0.4 (0.0-3.5)
Reference

0.2 (0.0-5.9)
Reference

2.0 (0.3-12.3)
Reference
3.9 (0.6-24.0)

1.0 (0.3-4.0)
Reference

0.5 (0.1-2.1)
Reference

Reference
0.6 (0.1-2.5)
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244
245
246
247
248

249

Characteristic

Serial interval,
days, Mean £ SD
(Range)

Univariate,

HR* (95%Cl)

Multivariable,
aHR (95%Cl)

Unknown
SARS-CoV-2 variant
non-Alpha/Beta/Delta
Alpha
Beta
Delta
Contact characteristics
Age (years)
<5
5-12
13-17
18-34
35-59
>60
Sex
Male
Female
HIV
HIV-uninfected
HIV-infected
Unknown
Underlying illness
No
Yes
Body-mass index
Underweight
Normal weight
Overweight
Obese

Current cigarette smoke (self-reported)

No
Yes

Serostatus at baseline
Seronegative
Seropositive
Unknown

5.0+2.0 (3.0-7.0)

8.2+2.3 (6.0-12.0)
3.6+1.2 (2.0-5.0)
6.1+4.6 (1.0-21.0)
8.2+4.1 (2.0-15.0)

5.5+0.7 (5.0-6.0)
5.4+3.4 (1.0-10.0)
6.3+3.5 (2.0-12.0)
4.4+2.6 (2.0-9.0)
7.5+4.7 (2.0-20.0)
8.3+4.8 (3.0-21.0)

6.2+4.6 (1.0-20.0)
6.7+3.8 (2.0-21.0)

5.4+4.0 (1.0-21.0)
11.1#5.6 (3.0-20.0)
6.6+2.8 (2.0-12.0)

6.3+4.3 (1.0-21.0)
7.6+3.3 (2.0-14.0)

6.5+5.7 (3.0-15.0)
6.7+4.4 (1.0-20.0)
5.9+3.4 (2.0-14.0)
6.7+4.2 (2.0-21.0)

6.3+3.7 (1.0-21.0)
7.6+5.9 (3.0-20.0)

6.6+3.4 (1.0-15.0)
6.1+4.3 (2.0-21.0)
8.5+7.9 (2.0-20.0)

1.7 (0.1-22.8)

0.2 (0.0-1.0)
7.1(0.7-73.2)
Reference
0.4 (0.1-2.7)

1.9 (0.1-26.0)
0.9 (0.2-3.4)
0.4 (0.1-1.3)
Reference
0.3(0.1-1.1)
0.3 (0.1-1.0)

Reference
0.8 (0.3-1.9)

Reference
0.2 (0.0-1.0)
0.7 (0.2-2.3)

2.6 (0.7-9.4)
Reference

0.3(0.1-1.8)

0.5 (0.1-1.6)
Reference

0.5(0.1-1.6)

Reference
0.5 (0.1-1.9)

1.3(0.5-3.2)
Reference
0.6 (0.1-4.4)

0.5 (0.0-11.9)
0.8 (0.2-2.9)
0.3(0.1-1.1)
Reference
0.3(0.1-0.9)
0.2 (0.0-0.8)

Reference
0.1 (0.0-0.8)
1.0 (0.3-3.4)

*Estimated using Weibull accelerated failure time regression adjusted for clustering by site and
household. Hazard ratio <1 corresponds to prolonged serial interval compared to reference group.
tImmune suppressed defined as CD4+ T cell count <200 cells/ml. $Underlying illness: self-reported
history of diabetes, hypertension, asthma, lung disease, heart disease, stroke, spinal cord injury,
epilepsy, cancer, liver disease, renal disease, pre-maturity.
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Supplementary Table 5. COVID-19 related hospitalisations (n=11) and deaths (n=2), Klerksdorp

and Soweto, South Africa, 2020-2021.

Length of . .
Index/ Age Comorbidities Outcome admission A(_dmlssm_)n Infec_:tmg
Contact  group diagnosis variant
(days)
Index 35-59  Hypertension D!scharged 6 Shortness of Beta
alive breath
Contact >60 None z:f;éharged 15 Pneumonia Beta
Contact 13-17 Cpngemtal heart D!scharged 2 Shortness of Alpha
disease alive breath
Index 60 None D!scharged 3 Shortness of Beta
alive breath
Index 60 H_ypertensmn, D!scharged 13 Shortness of Beta
diabetes alive breath
Index 60 None D!scharged 4 Shortness of Alpha
alive breath
Index 35-59  Hypertension Died 30 Lowe_r respiratory Unknown
tract infection
Index 35-59  None D!scharged 3 shortness of Delta
alive breath
Contact >60 Asthma Died 8 Pneumonia Delta
Discharged hon-
Contact >60 None - g 11 Not available Alpha/Beta
alive
/Delta
Contact >60 None D!scharged 12 Shortness of Beta
alive breath
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Supplementary Table 6. Factors associated with SARS-CoV-2 household transmission in index
cases and acquisition in household contacts in sensitivity analysis when including individuals
seropositive at baseline with no rRT-PCR infection during follow-up as susceptible, Klerksdorp and
Soweto, South Africa, 2020-2021, (n=444).

Univariate, OR Multivariable,

Characteristic HCIR*, n/N (%)

(95%Cl) aOR (95%Cl)
Index characteristics
Site
Klerksdorp 95/208 (45.7) Reference
Soweto 125/236 (53.0) 1.4 (0.7-2.7) 1.2 (0.6-2.4)
Age (years)
18-34 54/131 (41.2) Reference Reference
35-59 137/257 (53.3) 1.9 (0.8-4.2) 3.5(1.5-8.6)
>60 29/56 (51.8) 1.4 (0.5-4.6) 2.5(0.7-8.3)
Sex
Male 64/133 (48.1) 0.9 (0.4-2.0)
Female 156/311 (50.2) Reference
HIV
HIV-infected 51/103 (49.5) 1.0 (0.4-2.3)
HIV-uninfected 163/331 (49.2) Reference
Unknown HIV-status 6/10 (60.0) 0.9 (0.1-14.3)
CD4+ T cell count
HIV-infected, not immune suppressed 30/60 (50.0) Reference Reference
HIV-infected, immune suppressed 8/18 (44.4) 1.4 (0.2-11.2) 1.8 (0.2-12.5)
HIV-infected, no CD4+ T cell count 13/25 (52.0) 1.0 (0.2-5.6) 0.9 (0.2-5.0)
HIV-uninfected 163/331 (49.2) 1.1 (0.4-3.0) 1.6 (0.5-4.6)
Unknown HIV-status 6/10 (60.0) 1.0 (0.1-17.4) 0.5 (0.0-8.0)
Underlying illness
No 218/432 (50.5) 3.3(0.3-41.6)
Yes 2/7 (28.6) Reference
Unknown 0/5 (0.0) Excluded
Body-mass index
Underweight 3/10 (30.0) 0.3(0.0-2.7) 0.1 (0.0-1.2)
Normal weight 68/125 (54.4) Reference Reference
Overweight 44/86 (51.2) 0.9 (0.3-2.4) 0.4 (0.1-1.1)
Obese 105/218 (48.2) 0.7 (0.3-1.7) 0.4 (0.2-1.0)
Unknown 0/5 (0.0) Excluded Excluded
Crowding
No 56/116 (48.3) 1.0 (0.5-2.2)
Yes 164/328 (50.0) Reference
Child <5 years in home
No 190/381 (49.9) 1.4 (0.5-3.9)
Yes 30/63 (47.6) Reference
Current cigarette smoke (self-reported)
No 203/391 (51.9) 2.6 (0.9-7.6)
Yes 17/48 (35.4) Reference
Unknown 0/5 (0.0) Excluded
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Characteristic

HCIR*, n/N (%)

Univariate, OR

Multivariable,

(95%Cl) aOR (95%ClI)
Episode duration
1-10 days 64/147 (43.5) Reference
11-21 days 53/115 (46.1) 1.3(0.5-3.2)
>21 days 101/176 (57.4) 2.3(1.0-5.3)
Positive at last visit 2/6 (33.3) 0.6 (0.0-10.7)
Fever
No 110/218 (50.5) Reference
Yes 110/226 (48.7) 1.2 (0.6-2.3)
Minimum C: value
>35 9/45 (20.0) Reference Reference
25-35 86/174 (49.4) 6.3 (1.8-22.4) 5.1(1.3-20.1)
<25 123/222 (55.4) 8.2 (2.4-28.4) 5.4 (1.4-20.3)
Unknown 2/3 (66.7) 14.6 (0.3-748.6) 11.7 (0.2-594.6)
Serostatus at follow-up end
Seronegative 417 (57.1) 0.7 (0.0-12.3)
Seropositive 182/343 (53.1) Reference
Unknown 34/94 (36.2) 0.4 (0.1-0.9)
SARS-CoV-2 variant
non-Alpha/Beta/Delta 18/32 (56.3) 1.4 (0.4-4.6) 1.9 (0.6-6.2)
Alpha 16/25 (64.0) 1.8 (0.4-7.6) 2.3(0.5-10.0)
Beta 144/302 (47.7) Reference Reference
Delta 40/58 (69.0) 2.6 (0.9-7.5) 3.0(1.0-9.4)
Unknown 2127 (7.4) 0.0 (0.0-0.3) 0.1 (0.0-0.5)
Contact characteristics
Age (years)
<5 5/19 (26.3) Reference Reference
5-12 40/80 (50.0) 3.3(0.8-13.6) 1.8 (0.4-7.9)
13-17 43/67 (64.2) 9.7 (2.2-42.9) 6.1 (1.3-29.0)
18-34 56/124 (45.2) 3.7 (0.9-14.8) 2.8 (0.6-12.0)
35-59 56/109 (51.4) 3.8 (0.9-15.6) 3.0(0.7-13.3)
>60 20/45 (44.4) 3.4(0.7-15.8) 2.1(0.4-10.3)
Sex
Male 83/188 (44.2) Reference
Female 137/256 (53.5) 1.7 (1.1-2.8)
HIV
HIV-uninfected 82/170 (48.2) 1.3(0.5-3.4)
HIV-infected 16/35 (45.7) Reference
HIV status unknown 122/239 (51.1) 1.1 (0.5-2.9)
Underlying illnessi
No 213/425 (50.1) Reference
Yes 6/10 (60.0) 1.2 (0.2-6.6)
Unknown 1/9 (11.1) 0.1 (0.0-0.7)
Body-mass index
Underweight 15/29 (51.7) 1.0 (0.4-2.8)
Normal weight 96/199 (48.2) Reference
Overweight 44/100 (44.0) 0.9 (0.5-1.7)
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260
261
262

263

264

Characteristic

HCIR*, n/N (%)

Univariate, OR

Multivariable,

(95%Cl) aOR (95%ClI)
Obese 64/107 (59.8) 1.9 (1.0-3.6)
Unknown 1/9 (11.1) 0.1 (0.0-0.9)
Current cigarette smoke (self-reported)
No 197/377 (52.3) 2.7 (1.3-5.8) 3.1(1.4-6.9)
Yes 22/62 (35.5) Reference Reference
Unknown 1/5 (20.0) 0.3 (0.0-6.0) Excluded
Sleep in same room as index
No 150/316 (47.5) Reference
Yes 70/128 (54.7) 1.4 (0.8-2.3)
Index is main caregiver
No 183/375 (48.8) 1.1(0.5-2.2)
Yes 37/69 (53.6) Reference

OR — Odds ratio, aOR — Adjusted odds ratio.

*Household cumulative infection risk (HCIR) excludes

household with mixed SARS-CoV-2 variant clusters. +Immune suppressed defined as CD4+ T cell
count <200 cells/ml. tUnderlying illness: self-reported history of diabetes, hypertension, asthma, lung
disease, heart disease, stroke, spinal cord injury, epilepsy, cancer, liver disease, renal disease, pre-

maturity. Bold face font denotes p<0.05.
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Supplementary Table 7. Factors associated with SARS-CoV-2 household transmission in index
cases and acquisition in household contacts sensitivity analysis including only households where 65%
of household members completed 65% of follow-up during the first three weeks, Klerksdorp and

Soweto, South Africa, 2020-2021, (n=342).

Characteristic

HCIR*, n/N (%)

Univariate, OR

Multivariable,

(95%ClI) aOR (95%ClI)
Index characteristics
Site
Klerksdorp 92/174 (52.9) Reference
Soweto 108/168 (64.3) 1.7 (0.8-3.7) 1.2 (0.6-2.7)
Age (years)
18-34 48/94 (51.1) Reference Reference
35-59 124/198 (62.6) 1.7 (0.7-4.3) 4.2 (1.6-11.3)
>60 28/50 (56.0) 1.3(0.3-4.9) 2.2 (0.6-7.9)
Sex
Male 59/103 (57.3) 0.9 (0.4-2.1)
Female 141/239 (59.0) Reference
HIV
HIV-infected 42/75 (56.0) 0.7 (0.3-1.9)
HIV-uninfected 152/258 (58.9) Reference
Unknown HIV-status 6/9 (66.7) 0.7 (0.0-12.6)
CD4+ T cell count
HIV-infected, immune not suppressed 26/47 (55.3) Reference Reference
HIV-infected, immune suppressed 6/10 (60.0) 2.0 (0.1-26.9) 2.1(0.2-18.3)
HIV-infected, no CD4+ T cell count 10/18 (55.6) 0.9 (0.1-6.5) 1.1 (0.2-5.8)
HIV-uninfected 152/258 (58.9) 1.5 (0.5-4.9) 2.5(0.8-7.7)
Unknown HIV-status 6/9 (66.7) 1.0 (0.0-22.3) 0.5 (0.0-7.0)
Underlying illnessy
No 154/261 (59.0) 1.0 (0.4-2.7)
Yes 46/79 (58.2) Reference
Unknown 0/2 (0.0) Excluded
Body-mass index
Underweight 2/7 (28.6) 0.2 (0.0-3.1) 0.0 (0.0-0.6)
Normal weight 61/100 (61.0) Reference Reference
Overweight 40/58 (69.0) 1.5(0.5-5.1) 0.6 (0.2-2.0)
Obese 97/175 (55.4) 0.9 (0.3-2.1) 0.4 (0.1-0.9)
Unknown 0/2 (0.0) Excluded Excluded
Crowding
No 48/74 (64.9) 1.6 (0.6-4.1)
Yes 152/268 (56.7) Reference
Child <5 years in home
No 173/288 (60.1) 2.2 (0.7-6.8)
Yes 27/54 (50.0) Reference
Current cigarette smoke (self-reported)
No 186/305 (61.0) 3.2(0.9-11.0)
Yes 14/35 (40.0) Reference
Unknown 0/2 (0.0) Excluded
Episode duration
1-10 days 58/116 (50.0) Reference
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Characteristic

HCIR*, n/N (%)

Univariate, OR

Multivariable,

(95%Cl) aOR (95%ClI)
11-21 days 48/84 (57.1) 1.8 (0.7-5.2)
>21 days 92/136 (67.7) 29(1.1-7.3)
Positive at last visit 2/5 (40.0) 0.5(0.0-11.3)
Fever
No 103/176 (58.5) Reference
Yes 97/166 (58.4) 1.1(0.5-2.4)
Minimum C: value
>35 7/36 (19.4) Reference Reference
25-35 79/136 (58.1) 9.5(2.4-37.5) 7.9 (2.0-32.3)
<25 112/166 (67.5) 15.0 (3.8-58.6) 5.9 (1.5-23.3)
Unknown 2/4 (50.0) 4.6 (0.2-113.5) 8.0 (0.3-186.0)
Serostatus at follow-up end
Seronegative 4/7 (57.1) 0.4 (0.0-7.0)
Seropositive 174/284 (61.3) Reference
Unknown 22/51 (43.1) 0.3(0.1-1.0)
SARS-CoV-2 variant
non-Alpha/Beta/Delta 16/25 (64.0) 1.2 (0.3-4.5) 1.9 (0.5-6.5)
Alpha 13/17 (76.5) 2.3(0.4-12.6) 2.4 (0.5-12.8)
Beta 130/227 (57.3) Reference Reference
Delta 39/47 (83.0) 4.1 (1.2-13.9) 5.2 (1.4-19.9)
Unknown 2/26 (7.7) 0.0 (0.0-0.2) 0.0 (0.0-0.3)
Contact characteristics
Age (years)
<5 5/16 (31.3) Reference Reference
5-12 37/71 (52.1) 2.8 (0.6-13.2) 1.5(0.3-6.5)
13-17 41/58 (70.7) 11.7 (2.3-60.4) 6.5 (1.3-32.6)
18-34 47/79 (59.5) 5.0 (1.1-23.3) 4.3 (0.9-20.0)
35-59 53/87 (60.9) 4.3 (0.9-19.7) 3.7(0.8-17.2)
>60 17/31 (54.8) 4.2 (0.7-24.0) 2.5(0.4-13.7)
Sex
Male 75/149 (50.3) Reference
Female 125/193 (64.8) 2.3(1.3-42)
HIV
HIV-uninfected 80/146 (54.8) 1.4 (0.4-4.4)
HIV-infected 14/26 (53.9) Reference
HIV status unknown 106/170 (62.4) 1.6 (0.5-4.8)
Underlying illnessq
No 171/299 (57.2) Reference
Yes 28/39 (71.8) 3.2(1.1-9.0)
Unknown 1/4 (25.0) 0.2 (0.0-5.4)
Body-mass index
Underweight 13/24 (54.2) 0.9 (0.3-2.7)
Normal weight 88/166 (53.0) Reference
Overweight 42/72 (58.3) 1.4 (0.7-3.0)
Obese 56/76 (73.7) 3.9(1.7-9.0)
Unknown 1/4 (25.0) 0.2 (0.0-6.7)

Current cigarette smoke (self-reported)
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275

Characteristic

HCIR*, n/N (%)

Univariate, OR

Multivariable,

(95%Cl) aOR (95%ClI)
No 179/292 (61.3) 3.2 (1.4-7.8) 4.2 (1.7-10.4)
Yes 20/47 (42.6) Reference Reference
Unknown 1/3 (33.3) 0.6 (0.0-23.7) Excluded
Sleep in same room as index
No 135/242 (55.8) Reference
Yes 65/100 (65.0) 1.5(0.8-2.8)
Index is main caregiver
No 163/280 (58.2) 1.2 (0.5-2.7)
Yes 37162 (59.7) Reference

OR — Odds ratio, aOR — Adjusted odds ratio. *Household cumulative infection risk (HCIR) excludes
household members seropositive at baseline with no SARS-CoV-2 detected on rRT-PCR during
follow-up and households with mixed SARS-CoV-2 variant clusters. TImmune suppressed defined as
CDA4+ T cell count <200 cells/ml. $Underlying illness: self-reported history of diabetes, hypertension,
asthma, lung disease, heart disease, stroke, spinal cord injury, epilepsy, cancer, liver disease, renal
disease, pre-maturity. Bold face font denotes p<0.05.
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Supplementary Table 8. Factors associated with SARS-CoV-2 episode duration in index cases
sensitivity analysis including only households where 65% of household members completed 65% of
follow-up during the first three weeks, Klerksdorp and Soweto, South Africa, 2020-2021, (n=117).

HR — Hazard ratio*

Characteristic

Episode duration,
days, Mean + SD
(Range)

Univariate,

HR* (95%CI)

Multivariable,
aHR (95%CIl)

Site
Klerksdorp
Soweto
Age (years)
18-34
35-59
>60
Sex
Male
Female
HIV
HIV-infected
HIV-uninfected
Unknown HIV-status
CD4+ T cell count
HIV-infected, immune not suppressed+
HIV-infected, immune suppressed
HIV-infected, no CD4+ T cell count
HIV-uninfected
Unknown HIV-status
Underlying illnessy
No
Yes
Unknown
Body-mass index
Underweight
Normal weight
Overweight
Obese
Unknown
Crowding
No
Yes
Child <5 years in home
No
Yes
Current cigarette smoke (self-reported)
No
Yes
Unknown
Fever
No

17.1+12.3 (4.0-45.0)
22.2+13.4 (3.0-47.0)

14.7+10.7 (4.0-41.0)
19.8+13.6 (3.0-47.0)
27.9+10.7 (6.0-44.0)

20.6+14.4 (3.0-47.0)
19.2+12.5 (3.0-46.0)

20.0+13.0 (3.0-45.0)
19.6+13.2 (3.0-47.0)
18.5+10.6 (11.0-26.0)

21.7+14.1 (3.0-45.0)
20.7+15.5 (8.0-38.0)
15.39.3 (9.0-33.0)
19.6+13.2 (3.0-47.0)
18.5+10.6 (11.0-26.0)

19.4+13.0 (3.0-45.0)
20.7+13.4 (3.0-47.0)
9.0+0 (9.0-9.0)

13.5+6.4 (9.0-18.0)
21.6+14.0 (6.0-45.0)
20.5+15.6 (3.0-47.0)
18.6+11.6 (4.0-46.0)
9.0+0 (9.0-9.0)

17.6+11.9 (3.0-43.0)
20.5+13.5 (3.0-47.0)

20.5+13.1 (3.0-47.0)
13.9+11.3 (4.0-35.0)

20.4+13.2 (3.0-47.0)
14.7+11.3 (3.0-37.0)
9.0+0 (9.0-9.0)

17.1+11.9 (3.0-46.0)

Reference
0.7 (0.5-1.0)

Reference
0.6 (0.4-0.9)
0.4 (0.2-0.7)

Reference
1.2 (0.8-1.8)

Reference
1.0 (0.6-1.5)
1.3 (0.3-5.6)

Reference
1.2 (0.3-4.2)
1.9 (0.7-5.0)
1.1 (0.6-2.0)
1.5 (0.4-6.8)

Reference
0.8 (0.5-1.3)
4.2 (1.0-17.8)

2.7 (0.6-11.5)
Reference
1.1 (0.6-1.8)
1.3 (0.8-2.0)
4.5 (0.6-34.0)

Reference
0.8 (0.5-1.2)

0.6 (0.3-1.1)
Reference

0.6 (0.3-1.1)

Reference
2.7 (0.3-20.4)

Reference

Reference
0.5 (0.3-0.8)

Reference
0.3 (0.2-0.5)
0.2 (0.1-0.4)

Reference
0.8 (0.2-3.6)
0.8 (0.3-2.5)
0.8 (0.4-1.6)
0.8 (0.2-4.2)

3.5(0.7-18.2)
Reference
2.0 (1.0-3.9)
2.2 (1.3-3.8)
1.3(0.2-11.3)
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282
283
284
285

286

Episode duration,

Characteristic days, Mean + SD H%T\(/g;:;ot Ce:yl) Z:_:’FI; |2/9asro|/a0 ?:If)
(Range)
Yes 22.3+13.8 (3.0-47.0) 0.6 (0.4-0.9)
Minimum C: value
>35 11.3£7.0 (3.0-26.0) Reference Reference
25-35 16.2+13.4 (3.0-47.0) 0.5 (0.2-0.9) 0.5(0.3-1.1)
<25 24.6+12.1 (7.0-44.0) 0.3 (0.1-0.5) 0.3 (0.1-0.6)
Unknown 8.0£0 (8.0-8.0) 2.2(0.3-17.7) 6.2 (0.7-53.4)
Serostatus at follow-up end
Seronegative 7.5+2.1 (6.0-9.0) Reference Reference
Seropositive 21.1+13.3 (3.0-47.0) 0.1 (0.0-0.5) 0.0 (0.0-0.2)
Unknown 13.2+9.7 (3.0-38.0) 0.3(0.1-1.2) 0.1 (0.0-0.7)
SARS-CoV-2 variant
non-Alpha/Beta/Delta 14.6+9.8 (7.0-38.0) 2.1(1.1-4.2) 3.3(1.5-6.9)
Alpha 23.8+14.9 (7.0-41.0) 0.7 (0.3-1.8) 0.6 (0.2-1.5)
Beta 20.8+13.8 (3.0-47.0) Reference Reference
Delta 21.8+11.8 (4.0-44.0) 1.2 (0.6-2.2) 2.2 (1.1-4.5)
Unknown 10.946.9 (5.0-28.0) 2.8 (1.4-5.6) 1.4 (0.6-3.2)

*Estimated using Weibull accelerated failure time regression adjusted for clustering by site and
household. Hazard ratio <1 corresponds to longer episode duration than reference group used.
Excluded 8 index cases positive at last specimen collected. Immune suppressed defined as CD4+ T
cell count <200 cells/ml. tUnderlying illness: self-reported history of diabetes, hypertension, asthma,
lung disease, heart disease, stroke, spinal cord injury, epilepsy, cancer, liver disease, renal disease,
pre-maturity. Bold face font denotes p<0.05.
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Supplementary Table 9. Factors associated with serial interval of SARS-CoV-2 in cases with
symptomatic illness sensitivity analysis including only households where 65% of household members
completed 65% of follow-up during the first three weeks, Klerksdorp and Soweto, South Africa,

2020-2021, (n=60). HR — Hazard ratio*

Characteristic

Serial interval,
days, Mean + SD

Univariate, HR* Multivariable,

(Range) (95%Cl) aHR (95%Cl)

Index characteristics
Site

Klerksdorp 5.914.1 (1.0-21.0) Reference

Soweto 7.514.0 (2.0-20.0) 0.4 (0.1-1.5) 0.3(0.1-1.4)
Age (years)

18-34 6.6+4.6 (1.0-15.0) Reference

35-59 6.6+3.6 (2.0-21.0) 0.5(0.1-2.7)

>60 7.016.4 (2.0-20.0) 0.9 (0.1-7.7)
Sex

Male 6.6+4.7 (2.0-21.0) 1.3 (0.3-5.6)

Female 6.7+3.9 (1.0-20.0) Reference
HIV

HIV-infected 11.7+7.6 (3.0-21.0) 0.1 (0.0-0.6)

HIV-uninfected 6.1+3.2 (1.0-15.0) Reference
Underlying illness:

No 7.1+4.4 (1.0-21.0) Reference

Yes 17.045.5 (2.0-14.0) 1.7 (0.4-6.8)
Body-mass index

Normal weight 7.245.8 (2.0-21.0) 1.3(0.2-8.4)

Overweight 6.9+3.5 (2.0-15.0) Reference

Obese 6.3+3.7 (1.0-20.0) 1.3(0.2-7.0)
Crowding

No 5.8+4.1 (1.0-15.0) Reference

Yes 7.1+4.1 (2.0-21.0) 0.6 (0.1-2.3)
Child <5 years in home

No 6.6+4.2 (1.0-21.0) 0.4 (0.0-3.3)

Yes 6.9+3.6 (2.0-12.0) Reference
Current cigarette smoke (self-reported)

No 6.8+4.2 (1.0-21.0) 0.2 (0.0-5.1)

Yes 4.3+0.5 (4.0-5.0) Reference
Episode duration

1-10 days 7.24£3.9 (2.0-15.0) 1.5(0.2-9.1)

11-21 days 7.4+4.6 (1.0-21.0) Reference

>21 days 5.94+4.0 (2.0-20.0) 3.7 (0.6-21.6)

Unknown
Fever

No 6.9+4.8 (1.0-20.0) 1.5(0.4-5.7)

Yes 6.5+3.7 (2.0-21.0) Reference
Minimum C: value

25-35 6.6+5.7 (1.0-21.0) 0.6 (0.2-2.5)

<25 6.7£3.1 (2.0-15.0) Reference

Serostatus at end
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201
292
293
294
295

296

Characteristic

Serial interval,
days, Mean £ SD

Univariate, HR*

Multivariable,

(Range) (95%Cl) aHR (95%Cl)
Seronegative 6.1+3.0 (2.0-14.0) Reference
Seropositive 7.1+4.7 (1.0-21.0) 0.5(0.1-2.2)
Unknown 5.0+£2.0 (3.0-7.0) 1.7 (0.1-23.5)
SARS-CoV-2 variant
non-Alpha/Beta/Delta 11.048.2 (6.0-12.0) 0.2 (0.0-0.9)
Alpha 4.2+0.8 (3.0-5.0) 2.5(0.2-30.5)
Beta 6.0+4.7 (1.0-21.0) Reference
Delta 8.2+4.1 (2.0-15.0) 0.4 (0.0-2.5)
Contact characteristics
Age (years)
<5 5.540.7 (5.0-6.0) 1.9 (0.1-25.3) 0.5 (0.0-12.1)
5-12 6.0+£3.3 (1.0-10.0) 0.8 (0.2-3.6) 0.7 (0.2-3.0)
13-17 6.3+3.5 (2.0-12.0) 0.4 (0.1-1.4) 0.3(0.1-1.2)
18-34 4.6£2.6 (2.0-9.0) Reference Reference
35-59 7.5+4.7 (2.0-20.0) 0.4 (0.1-1.2) 0.3(0.1-1.0)
>60 8.2+5.0 (3.0-21.0) 0.3(0.1-1.2) 0.2 (0.1-1.0)
Sex
Male 6.2+4.6 (1.0-20.0) Reference
Female 6.9+3.8 (2.0-21.0) 0.8 (0.3-1.9)
HIV
HIV-uninfected 5.5+4.0 (1.0-21.0) Reference Reference
HIV-infected 11.1+5.6 (3.0-20.0) 0.2 (0.0-0.9) 0.2 (0.0-0.8)
Unknown 6.7+2.7 (2.0-12.0) 0.7 (0.2-2.4) 1.1 (0.3-4.2)
Underlying illness}
No 6.4+4.3 (1.0-21.0) 2.1 (0.6-7.6)
Yes 7.5+3.5 (2.0-14.0) Reference
Body-mass index
Underweight 6.5%5.7 (3.0-15.0) 0.3 (0.0-1.6)
Normal weight 6.7+4.4 (1.0-20.0) 0.4 (0.1-1.4)
Overweight 5.7£3.4 (2.0-14.0) Reference
Obese 7.1+4.1 (2.0-21.0) 0.4 (0.1-1.3)
Current cigarette smoke (self-reported)
No 6.4+3.7 (1.0-21.0) Reference
Yes 7.6£5.9 (3.0-20.0) 0.6 (0.2-2.0)
Serostatus at baseline
Seronegative 6.5+3.4 (1.0-15.0) 1.3(0.5-3.3)
Seropositive 6.3+4.3 (2.0-21.0) Reference
Unknown 10.748.1 (5.0-20.0) 0.1 (0.0-1.8)

*Estimated using Weibull accelerated failure time regression adjusted for clustering by site and
household. Hazard ratio <1 corresponds to prolonged serial interval. +Immune suppressed defined as
CDA4+ T cell count <200 cells/ml. $Underlying illness: self-reported history of diabetes, hypertension,
asthma, lung disease, heart disease, stroke, spinal cord injury, epilepsy, cancer, liver disease, renal
disease, pre-maturity. Bold face font denotes p<0.05.
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300 Supplementary Figure 1. SARS-CoV-2 positivity by follow-up visit for index cases and contacts*,
301 a) Klerksdorp (n=287) and b) Soweto (n=325), South Africa, 2020-2021.

302  *Not tested: sample collected but not tested due to lost in transit, leakage or labelling error. Missed
303  visit: visit not conducted as individual was not available.
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Abstract (234/250)

Background

Households are an important location for severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) transmission, especially during periods where travel and work was restricted to essential
services. We aimed to assess the association of close-range contact patterns with SARS-CoV-2
transmission.

Methods

We deployed proximity sensors for two weeks to measure face-to-face interactions between
household members after SARS-CoV-2 was identified in the household, in South Africa, 2020 - 2021.
We calculated duration, frequency and average duration of close range proximity events with SARS-
CoV-2 index cases. We assessed the association of contact parameters with SARS-CoV-2 transmission
using mixed effects logistic regression accounting for index and household member characteristics.

Results

We included 342 individuals (89 SARS-CoV-2 index cases and 253 household members). On
multivariable analysis, factors associated with SARS-CoV-2 acquisition were index cases with
minimum C; value <30 (aOR 9.8 95%Cl 1.3-71.8) vs >35, being infected with the Delta variant (aOR
3.9 95%Cl 1.0-14.9) vs Beta, contacts aged 13-17 years (aOR 8.0 95%Cl 1.0-62.2) vs <5 years and
female contacts (aOR 2.4 95%CI 1.1-4.8). No contact parameters were associated with acquisition
(aOR 1.0 95%Cl 1.0-1.0) for all three of duration, frequency and average duration.

Conclusion

We did not find an association between close-range proximity events and SARS-CoV-2 household
transmission. It may be that droplet-mediated transmission during close-proximity contacts play a
smaller role than airborne transmission of household SARS-CoV-2, due to high contact rates in
households or study limitations.
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Introduction

South Africa has experienced five waves of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection, with over 4 million laboratory-confirmed cases by August 2022 *. The true burden is
highly underestimated, since based on seroprevalence data, after the third wave of infection, 43% to
83% of the 59.5 million South African inhabitants had already been infected, varying by age and
setting 3.

SARS-CoV-2 transmission is mainly via the respiratory route, with droplet-mediated transmission
thought to be the most important but airborne transmission also occurs *°. Infection from
contaminated surfaces has also been described . Although infection risk is highest from
symptomatic individuals ¢, with the most infectious period one day before symptom onset *,
asymptomatic individuals can still transmit SARS-CoV-2 72, Households are a focal point for SARS-
CoV-2 transmission %1, especially during peaks of non-pharmaceutical intervention (NPI)
restrictions, when movement outside of the household was limited °. Transmission within
households can in turn lead to spill over to the community .

Prior to the widespread availability of SARS-CoV-2 vaccines, most countries relied on NPIs to reduce
the transmission of the virus, including wearing face masks, social and physical distancing. While
mobility and contact survey data showed that the implementation of NPIs led to a reduction in
community contacts >!2 and in turn opportunity for infection, it is still unknown what the role of
contact patterns are in the transmission of SARS-CoV-2 in the household. Most analysis relating
contact patterns and SARS-CoV-2 transmission done to date has been based on low resolution data
collected from contact tracing 3, mobility data ° and contact surveys 2. To obtain high-resolution
contact data, devices broadcasting and receiving radio frequency waves can be used to measure the
frequency and duration of close-proximity contacts. This has been used previously to collect contact
data in among others, schools **, workplaces *°, hospitals 1 and households *7, which can, in turn, be
used for modelling disease transmission. Specifically, for SARS-CoV-2 so far, high-resolution contact
data were collected on cruise ships to identify areas of high contact, and to investigate the
usefulness of NPIs &,

Understanding the drivers of SARS-CoV-2 transmission in the household, especially contact patterns,
can help inform NPIs for future SARS-CoV-2 resurgences and potentially future emerging pathogens
with pandemic potential. We aimed to assess the association of household close-range contact
patterns with the transmission of SARS-CoV-2 in the household using proximity sensors deployed
after the identification of SARS-CoV-2 in the household.

Methods

Screening, enrolment and follow-up

We nested a contact study within a case-ascertained, prospective, household transmission study for
SARS-CoV-2, implemented in two urban communities in South Africa, Klerksdorp (North West
Province) and Soweto (Gauteng Province) from October 2020 through September 2021. Methods for
the main study have been reported previously °. In short, symptomatic adults (aged >18 years,
symptom onset <5 days prior) consulting at clinics were screened for SARS-CoV-2 with real-time
reverse transcription polymerase chain reaction (rRT-PCR) on nasopharyngeal swabs. We enrolled
household contacts of SARS-CoV-2 infected individuals identified through screening (presumptive
index) with 22 household contacts of whom none reported symptoms prior to index case onset. We
visited enrolled households three times a week to collect nasal swabs and data on symptoms and
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healthcare seeking. At enrolment household characteristics (household size, number of rooms used
for sleeping, smoking inside the household and household income) and individual characteristics
(demographics, education, employment, smoking, HIV infection, underlying illness, if SARS-CoV-2
index case was main caregiver, or sleeping in same room as index case) were collected.
Nasopharyngeal (screening) and nasal swabs (follow-up) were tested for SARS-CoV-2 on rRT-PCR
using the Allplex™ 2019-nCoV kit (Seegene Inc., Seoul, South Korea) and the first positive of each
infection episode was characterised using the Allplex™ SARS-CoV-2 Variants | and Il PCR assays
(Seegene Inc., Seoul, Korea) and through whole genome sequencing on the lon Torrent Genexus
platform (Thermo Fisher Scientific, USA). We classified the infection episodes as Alpha, Beta, Delta,
non-Alpha/Beta/Delta or unknown variant where we were unable to classify the sample as a variant
of concern due to primary testing done elsewhere, low viral load or poor sequence quality.
Households with multiple SARS-CoV-2 variants circulating at the same time (mixed clusters) were
excluded from the analysis. We also collected serum at the first and final household visit for
serological testing, using an in-house ELISA to detect antibodies against SARS-CoV-2 spike protein 2°
and nucleocapsid protein using Roche Elecsys anti-SARS-CoV-2 assay. Individuals were considered
seropositive if they tested positive on either assay. Individuals sero-positive at the start of follow-up
with no rRT-PCR confirmed SARS-CoV-2 infection during follow-up were excluded from the analysis
as they may have been protected from infection 2%

Contact pattern measurements

At the first or second visit during follow-up, we deployed wearable radio frequency (RF) proximity
sensors *° for two weeks to measure close-range interactions (<1.5 meters) between household
members. The proximity sensors exchange low-power radio packets in the ISM (Industrial, Scientific
and Medical) radio band. Exchange of packets and Received Signal Strength Indicator (RSSI), suitably
thresholded, are used to assess proximity between the devices. A contact interval between two
devices is defined as a sequence of consecutive 20-second intervals within which at least one radio
packet was exchanged. Each sensor had a unique hardware identifier that was linked to participant
study identifiers. Sensors were worn in a PVC pouch either pinned to clothing on the chest, or on a
lanyard around the neck based on participant preference. We requested participants to wear the
device while at home, to store them separately from other household member sensors at night, and
to complete a log sheet every day for the periods the sensors were put on and taken off. During each
household visit during the sensor deployment period, field workers confirmed sensors were worn. A
deployment log was completed for each household to link the sensor identifier to the participant
identifier and to log the date and time sensors were deployed and collected. After sensor collection,
batteries were removed to prevent further package exchange between sensors. Sensors were
transported to the study office where each sensor was connected to a computer and data
downloaded.

Data analysis

We assumed the first individual with COVID-19 compatible symptoms in the household (individual
screened at clinic) was the index case. Any household member testing positive for SARS-CoV-2
within the two weeks from the last positive result for the index case was considered a secondary
SARS-CoV-2 case. Contact event data were cleaned using an automated pipeline. We excluded any
close-range proximity events outside of the deployment period and that occurred during a 5-minute
time slice that the accelerometer did not detect any movement of the sensor. Due to a technical
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error, some sensors at the Klerksdorp site did not have a valid time stamp and needed additional
processing to align the time series of close-range proximity events. This was achieved by computing,
for each pair of tags X and Y, the temporal shift that maximizes the correlation between the time
series of the number of packets per unit time transmitted by X and received by Y, and the reciprocal
time series of the number of packets per unit time transmitted by Y and received by X (operation
that can be efficiently carried out working in the frequency domain via Fourier transformation). This
allowed us to build a temporal alignment graph between sensors and — as long as there was at least
one sensor with a valid timestamp in the household — to use such graph to propagate the valid
timestamp to all other sensors, thus recovering global temporal alignment. For the analysis, we only
considered close-range proximity events that occurred one day after deployment and one day
before collection.

We assessed three contact parameters: 1) duration (median daily cumulative time in contact in
seconds), 2) frequency (median daily number of contacts with the index/infected individuals over
the deployment period) and 3) average duration (cumulative time in contact divided by the
cumulative number of close-range proximity events over full deployment period). Median values
were preferred over mean values due to the rightly skewed data, and the different number of days
with measured contact data for each household after data cleaning. We assessed contact
parameters in two ways: 1) median number of close-range proximity events with the presumptive
index case and 2) median number of close-range proximity events with all SARS-CoV-2 infected
household members (as confirmed by rRT-PCR). The latter assessment was to take into account that
the transmission could have been from any of the infected household members, and not necessarily
the index case, or that the index case was misclassified.

We constructed contact matrices by combining the median duration and frequency of close-range
proximity events for all participants between each age group, respectively. To normalize the matrix
based on number of participants, we divided the cumulative contact duration and frequency by the
total number of individuals in the two age groups being investigated in each cell.

We assessed the association of contact parameters with SARS-CoV-2 household transmission using
the Wilcoxon rank-sum test (considering p<0.05 as significant) and through logistic regression
controlling for individual characteristics associated with transmission. To assess factors associated
with SARS-CoV-2 household transmission, we performed logistic regression with a mixed effects
hierarchical regression model to account for household- and site-level clustering. For the analysis
with a defined index case (i.e. investigating close-range proximity events with all presumptive index
cases, first person with COVID-19 symptoms), we included only household contacts with their SARS-
CoV-2 infection status as the outcome, assessing both index (transmission) and contact (acquisition)
characteristics. For the analysis with no defined index case (i.e. investigating close-range proximity
events with all SARS-CoV-2 infected household members), we included all enrolled household
members (originally considered presumptive index and household contacts), assessing only their
own characteristics. For the analysis with close-range proximity events with all SARS-CoV-2 infected
household members, we included an offset term in the model to account for the number of SARS-
CoV-2 infected members in contact with (number of nodes). We first built the model using individual
characteristics to assess factors associated with SARS-CoV-2 transmission (excluding contact
parameters). We included age and SARS-CoV-2 variant a priori, and assessed other co-variates on
univariate analysis, keeping those with p>0.2 in the multivariable analysis. For which we then
performed backwards elimination, keeping only those with p<0.05, and comparing each subsequent
model to the previous using a likelihood ratio test. Finally, we generated three separate models for
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each analysis (index and infected household members), including each contact parameter to the
final model to assess the association with transmission.

Ethics

The study protocol was approved by University of the Witwatersrand Human Research Ethics
Committee (Reference M2008114). Participants in follow-up received grocery store vouchers of USD
3 per visit to compensate for time required for specimen collection and interview, and an additional
voucher once proximity sensors were returned with no visible damage.

Results

We screened 1,531 individuals and identified 277 (18%) positive for SARS-CoV-2, of which 127 (46%)
were enrolled and included in the household cumulative infection risk analysis *°, with 373
household contacts. After data cleaning, we had contact data for 89 (70%) index cases and 253 (69%)
household contacts (Supplementary Figure 1). Seventy-three individuals (15%) were excluded due to
non-compliance, where no contacts were logged, or sensors was stationary for the period based on
accelerometer data. We were more likely to have contact data for individuals from the Soweto site,
from larger households, and with no household member reporting smoking indoors (Supplementary
Table 1). The median number of household members included in the analysis was 4 (inter quartile
range [IQR] 3-5), with a median of 3 (IQR 1-4) SARS-CoV-2 cases per household and a median of 67%
(1QR 50-100%) of household members infected (including index cases). Sixty-six percent (227/342) of
individuals included in the analysis lived in a household with 3-5 members, and 49% (168/342) lived
in a home with only 1-2 rooms used for sleeping, with 78% (265/342) living in households where
crowding was reported (>2 people per sleeping room, Supplementary Table 1).

The overall median duration of daily close-range proximity events was 1,240 seconds (21 minutes,
IQR 543-2785 seconds), with a 40 second (IQR 33-52 seconds) average duration per contact event,
and a median of 28 (IQR 13-63) close-range proximity events per day amongst household members
(Figure 1, Supplementary Table 2). The highest median daily contact duration was observed between
5-12 year olds (Figure 2 A), who also had the highest frequency of contacts with all age groups
(Figure 2 D). In Klerksdorp we observed a higher median daily close-range proximity duration and
frequency in children aged 5-12 and 13-17 years (Figure 2 B, E), whereas in Soweto we observed
higher close-range proximity duration and frequency between adults aged 35-59 and younger adults
aged 18-34 (Figure 2 C, F).

We did not find any association between any of the contact parameters (either with the index case
or all SARS-CoV-2 infected household members) and SARS-CoV-2 infection in the household using
the Wilcoxon rank-sum test (p-values ranging 0.14-0.92, Table 1).

When assessing factors associated with SARS-CoV-2 transmission from presumptive index cases and
acquisition in household members, a longer average contact duration was associated with a higher
risk for SARS-CoV-2 transmission (OR 1.75, 95%Cl 1.0 to 3.0) on univariate analysis, but this was no
longer significant on multivariable analysis (Table 2). Sleeping in the same room as the index case
was also not associated with transmission (OR 0.98, 95%Cl 0.49 to 1.94). Furthermore, on
multivariable analysis, factors significantly associated with higher SARS-CoV-2 transmission and
acquisition was index case minimum C; value <30 (aOR 9.8 95%Cl 1.3-71.8) compared to >35, being
infected with the Delta variant (aOR 3.9 95%Cl 1.0-14.9) compared to Beta, contacts aged 13-17
years (aOR 8.0 95%Cl 1.0-62.2) compared to <5 years and female contacts (aOR 2.4 95%Cl 1.1-4.8).
Neither close-range proximity duration (aOR 1.0 95%Cl 1.0-1.0), frequency (aOR 1.0 95%Cl 1.0-1.0)
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or average close-range proximity duration (aOR 1.0 95%CIl 1.0-1.0) with the index case were
associated with acquisition (Table 2).

When not considering transmission from the presumptive index case, but rather all SARS-CoV-2
infected household members, factors significantly associated with SARS-CoV-2 acquisition on
multivariable analysis were contacts aged 13-17 years (aOR 10.1 95%Cl 1.1-87.3) and 35-59 years
(aOR 8.5 95%Cl 1.0-70.4) compared to <5 years, being obese (aOR 5.2 95%Cl 1.9-14.7) compared to
normal weight, and not currently smoking (aOR 3.1 95%CI 1.0-9.6). Neither close-range proximity
duration (aOR 1.0 95%Cl 1.0-1.0), frequency (aOR 1.0 95%Cl 1.0-1.0) or average close-range
proximity duration (aOR 1.0 95%Cl 1.0-1.0) with SARS-CoV-2 infected household members was
associated with acquisition (Table 3).

Discussion

In this case-ascertained, prospective household transmission study we did not find an association
between the duration and frequency of close-range proximity events with SARS-CoV-2 infected
household members with transmission in the household.

High-resolution contact patterns have been previously used to investigate influenza virus
transmission routes in a hospital setting 22, and contact surveys to show the association between
contacts, locations and influenza infection %3, the high correlation between pneumococcal infection
risk and contact behaviour %, and in the context of tuberculosis transmission where contact with
adults are more important than contact with children 2°. To our knowledge, there are few data
available on the direct association of close-range proximity events and SARS-CoV-2, and none
making use of high-resolution contact data. During contact tracing efforts early in the pandemic in
Singapore, it was found that sharing a bedroom with an index case and speaking to the index case
for more 30 minutes or longer increased the risk for infection 26. We did not see similar results when
assessing sharing a bedroom with the index case, and this may be due to the already high level of
crowding in included households. Although we observed an increase in infection risk with higher
average contact durations with the index case on univariate analysis, this association was no longer
seen when adjusting for age and other index and contact factors associated with
transmission/acquisition.

There are several possible reasons why we did not observe an association with close-range proximity
events and SARS-CoV-2 transmission, these can be classified as related to transmission dynamics or
study limitations. One possibility is that along with droplet-mediated transmission during close-
proximity contacts, airborne *°, and to a lesser extent, fomite-mediated transmission * may also play
a role in the transmission of SARS-CoV-2 in the household. More evidence is becoming available
showing that aerosol transmission may be a more important transmission route for SARS-CoV-2 than
initially anticipated, especially so in poorly ventilated indoor environments>?’. Households in these
communities do not have central air-conditioning or heating %, and during the winter months
ventilation may by poorer than in summer, although we did not measure this. Furthermore, sensors
only measure face-to-face interactions, and if individuals were close to each other but not directly
facing one another for extended durations, we would not have measured this, although sharing of
the same air may have occurred. The ventilation within households should be considered in future
studies, as this can be a target for intervention strategies to reduce secondary transmission. The high
level of interaction in relatively crowded South African households may already be above the
threshold for transmission risk, with host-characteristics like index viral load and contact age being
more important to determine infection risk in this context. It is of interest that close-range proximity
patterns within the household did not fully account for the differences in transmission based on age;
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with teenagers and adults experiencing the highest infection risk, but children aged 5-17 years
having the highest contacts.

Our study had limitations both in design and execution. Due to the nature of the case-ascertained
study design, we would have missed the period when the index case was most infectious, just before
symptom onset 4, and the close-range contact patterns measured during the study may have been
different after the household members were aware of the index SARS-CoV-2 case (leading to
reduced contact), and again once secondary cases were informed of their infection status (leading to
increased contact). We also did not collect any information on possible NPI usage in the households,
like wearing of masks. A study from South Africa showed that individuals staying at home were less
likely to wear a mask %%, but these data were not ascertained during a time when a household
member was infected with SARS-CoV-2. We also did not consider where contacts took place (indoors
or outdoors), which relates to ventilation and may have influenced transmission. We may have also
misclassified the true index case if they were asymptomatic, and did not consider tertiary
transmission chains in the index-directed analysis. To adjust for possible misclassification, we
performed a grouped assessment investigating close-range proximity events with all SARS-CoV-2
infected household members. This grouped analysis may also have diluted possible associations with
the true infector. We also did not consider multiple introductions within the household, although we
did exclude households with more than one SARS-CoV-2 variant detected. During the peaks of waves
of infection in South Africa, one variant was responsible for the majority of the infections 3, and the
additional introductions within the household were likely to have been the same as the initial
variant. Higher resolution sequencing data may be useful to more accurately identify chains of
transmission within the household. Combining contact data with clinical and
virological/bacteriological data have been shown to be useful to reconstruct transmission networks
31 and we will consider this for future analyses. Our measurement of close-range contact patterns
was also limited by compliance, as during the cleaning process we identified 73 sensors that were
not worn, based on accelerometer data. We also had limited data in some households, where some
individuals did not consent to the contact aspect for the study, or where we were unable to retrieve
data due to hardware failure, lost or damaged tags.

In conclusion, we did not observe an association with close-proximity contacts and SARS-CoV-2
transmission in the household. A case-ascertained, prospective household transmission study may
not be well suited to investigate this question. A possible other study design to consider is randomly
selected prospective household cohorts, but deployment of sensors for extended periods of time
may be logistically challenging and lead to participant fatigue and households in a cohort may not
experience infection episodes unless the community attack rate is very high. High-resolution
contacts in other settings like schools or workplaces where contacts are less frequent could be
useful to identify the type of contact events that may lead to SARS-CoV-2 transmission. It may be
that aerosol transmission plays a more important role than droplet-mediated transmission, which
would make ventilation within households can also be an important consideration for future studies,
and increased ventilation can be a method to reduce secondary transmission in households.
Nevertheless, our study provides high-resolution household contact data that can be used to
parametrise future transmission models.
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Tables

Table 1. Association of contact parameters with SARS-CoV-2 household acquisition* using the
Wilcoxon rank-sum test, Klerksdorp and Soweto, South Africa, September 2020 — October 2021

Contact parameter p-value
Median daily contact duration with index 0.71
Median daily contact frequency with index 0.92
Median daily average contact duration with index 0.14
Median daily contact duration with infected household members 0.40
Median daily contact frequency with infected household members 0.42
Median daily average contact duration with infected household members 0.69

*Qutcome investigated: testing positive for SARS-CoV-2
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Table 2. Factors associated with SARS-CoV-2 household transmission from index cases and acquisition in household contacts (contact parameters with index

case), Klerksdorp and Soweto, South Africa, 2020-2021, (n=253)

Index Characteristics
Site
Klerksdorp

Soweto

Age (years)
18-34

35-59

260

Minimum Ct value
>35

30-35
<30

Unknown

SARS-CoV-2 variant

non-Alpha/Beta/Delta

Alpha

Beta

SARS-CoV-2 infection®

Negative,
N =100

48 (45%)

52 (36%)

36 (47%)

49 (36%)

15 (38%)

17 (81%)

23 (46%)
59 (33%)

1(33%)

5 (36%)

2 (15%)

71 (41%)

Positive,
N =153

59 (55%)
94 (64%)

40 (53%)
89 (64%)

24 (62%)

4 (19%)

27 (54%)
120 (67%)

2 (67%)

9 (64%)

11 (85%)
101 (59%)

Univariate
analysis

OR (95%Cl)

Reference
1.79 (0.76 to
4.24)

Reference
2.08 (0.79 to
5.48)
1.83 (0.48 to
6.89)

Reference
7.42 (1.22to
45.10)
15.84 (2.96 to
84.67)
15.26 (0.32 to
728.79)

1.25(0.23 to
6.91)
4.87 (0.62 to
38.60)
Reference

Multivariable

analysis (no
contact
parameter)

aOoR (95%Cl)

Reference
2.08 (0.76 to
5.66)
1.99 (0.49 to
8.01)

Reference
6.90 (0.76 to
62.84)
9.77 (1.34 to
71.35)
7.28 (0.12 to
428.62)

2.24(0.35to
14.54)
5.13 (0.54 to
48.67)
Reference

Multivariable analysis (including contact parameter)

Duration
aOR (95%Cl)

Reference
2.08 (0.75 to
5.76)
1.98 (0.48 to
8.13)

Reference
6.74 (0.74 to
61.68)
9.79 (1.33 to
71.81)
6.92 (0.12 to
405.98)

2.12 (0.33to
13.72)
5.69 (0.53 to
61.60)
Reference

Frequency
aO0R (95%Cl)

Reference
2.25(0.80to
6.36)
2.20 (0.52 to
9.25)

Reference
7.48 (0.79 to
71.24)
10.67 (1.40 to
81.48)
7.94 (0.13 to
493.09)

2.06 (0.31to
13.58)
4.78 (0.49 to
46.53)
Reference

Average
duration
aOR (95%Cl)

Reference
2.13(0.78 to
5.82)
2.03 (0.50to
8.22)

Reference
6.52 (0.72 to
58.94)
9.39(1.30 to
67.98)
6.05 (0.11 to
348.40)

2.02 (0.31to
13.03)
5.85 (0.56 to
60.50)
Reference
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Delta

Variant Unknown

Contact characteristics
Age (years)
<5

5-12
13-17

18-34

Sex
Male

Female

Sleep in same room as index
No

Yes

Median Daily Contact Duration With Index
(Seconds)

Median Daily Contact Frequency With Index

Median Daily Average Contact Duration With
Index (Seconds)

8 (21%)

14 (88%)

8 (73%)
21 (44%)

11 (26%)
23 (38%)
27 (40%)

10 (43%)

53 (49%)

47 (33%)

69 (40%)
31 (38%)

305 (102,
685)

6 (3, 15)

33 (28,
41)

30 (79%)

2 (12%)

3 (27%)
27 (56%)

31 (74%)
38 (62%)
41 (60%)

13 (57%)

56 (51%)
97 (67%)

103 (60%)

50 (62%)

230 (100,
700)

6 (3, 14)

33 (26, 42)

3.28 (0.96 to
11.24)
0.06 (0.01 to
0.42)

Reference
4.25 (0.65 to
27.89)
15.12 (2.07 to
110.46)
5.62 (0.90 to
35.11)
4.36 (0.68 to
27.83)
4.72 (0.60 to
37.47)

Reference
2.54 (1.28 to
5.06)

Reference
0.98 (0.49 to
1.94)
1.00 (1.00 to
1.00)
1.00 (0.98 to
1.02)
1.75 (1.02 to
3.02)

3.83 (1.00 to
14.62)
0.15 (0.02 to
1.58)

Reference
1.57 (0.24 to
10.25)
6.96 (0.95 to
50.96)
2.68 (0.42 to
17.11)
1.74 (0.27 to
11.34)
1.79 (0.23 to
14.14)

Reference
2.42 (1.19to
4.90)

3.88 (1.01 to
14.92)
0.16 (0.02 to
1.67)

Reference
1.85(0.27 to
12.41)
7.97 (1.02 to
62.21)
3.06 (0.46 to
20.56)
1.99 (0.29 to
13.52)
2.06 (0.25 to
17.33)

Reference
2.43 (1.19to
4.97)

1.00 (1.00 to
1.00)

1 n (%); Median (inter quartile range). aOR: adjusted odds ratio. Significant associations on multivariable analysis in bold face.
Factors investigated but not found significant on multivariable analysis: index sex, HIV status, underlying conditions, body mass index, current smoking, episode duration,
serostatus at follow-up end; contact HIV status, underlying conditions, body mass index, current smoking, cared for by index.

3.98 (1.02 to
15.56)
0.15 (0.01 to
1.59)

Reference
1.84 (0.27 to
12.51)
8.99 (1.13 to
71.67)
3.35(0.49 to
22.80)
2.19(0.32to
15.09)
2.34(0.27 to
20.14)

Reference
2.33(1.14to
4.79)

1.01 (0.99 to
1.03)

3.82 (1.00 to
14.62)
0.16 (0.02 to
1.59)

Reference
1.80(0.27 to
12.08)
8.14 (1.08 to
61.16)
3.08 (0.47 to
20.13)
2.00(0.30to
13.23)
2.06 (0.25 to
16.72)

Reference
2.42 (1.19to
4.92)

1.00 (0.99 to
1.01)
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Table 3. Factors associated with SARS-CoV-2 acquisition within in the household (contact parameters with SARS-CoV-2 infected household members),
Klerksdorp and Soweto, South Africa, 2020-2021, (n=342)

Site
Klerksdorp

Soweto

Age (years)
<5

5-12

13-17
18-34
35-59

260

Body mass index
Normal weight

Underweight

Overweight

SARS-CoV-2 infection?

Negative, Positive,
N =100 N =242

48 (33%) 96 (67%)
146

52 (26%) (74%)

8(73%) 3(27%)

21 (44%) 27 (56%)
11(26%) 31 (74%)
23(27%) 63 (73%)
27 (23%) 90 (77%)

10 (26%) 28 (74%)

51(36%) 90 (64%)
7(35%) 13 (65%)

22 (32%) 47 (68%)

Univariate
analysis

OR (95%Cl)

Reference

1.78 (0.62 to
5.09)

Reference
4.05 (0.55 to
30.01)
17.66 (2.21to
141.22)
15.74 (2.25 to
109.94)
19.51 (2.81to
135.57)
19.98 (2.42 to
164.74)

Reference
0.75(0.19to
3.00)
1.74 (0.74 to
4.08)

Multivariable
analysis (no
contact
parameter)

aOR (95%Cl)

Reference
1.95(0.24 to
15.82)
10.10 (1.17 to
87.27)
7.78 (0.98 to
61.76)
8.54 (1.04 to
70.37)
7.35(0.76 to
71.46)

0.76 (0.17 to
3.36)
1.32 (0.53 to
3.30)

Multivariable analysis (including contact parameter)

Duration
aOR (95%Cl)

Reference
2.29(0.27 to
19.36)
14.22 (1.53 to
132.15)
10.89 (1.28 to
92.68)
11.88 (1.35to
104.30)
10.44 (1.01 to
108.14)

0.70 (0.16 to
3.13)
1.28 (0.51 to
3.21)

Frequency
aOR (95%Cl)

Reference
2.28 (0.27 to
18.93)
13.13(1.44 to
119.41)
10.16 (1.22 to
84.96)
11.29 (1.31to
97.56)
9.84 (0.97 to
100.11)

0.74 (0.17 to
3.29)
1.30 (0.52 to
3.24)

Average
duration
aOoR (95%Cl)

Reference
2.09 (0.24 to
18.23)
13.24 (1.41to
124.29)
8.83(1.04 to
74.97)
9.11 (1.03 to
80.58)
8.24 (0.79 to
85.97)

0.72 (0.16 to
3.31)
1.28 (0.50 to
3.25)
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Obese

Unknown

Current smoking
Yes

No

Unknown
SARS-CoV-2 variant

non-Alpha/Beta/Delta
Alpha

Beta

Delta

Variant Unknown

Median daily contact duration with infected
household members (seconds)

Median daily contact frequency with infected
household members

Median daily average contact duration with
infected household members (seconds)

17 (16%)

3 (60%)

18 (42%)

81 (27%)

1(33%)

5 (26%)
2 (12%)
71 (31%)
8 (16%)

14 (58%)

520 (215,
1,278)

14 (5, 26)

35 (30, 44)

90 (84%)

2 (40%)

25 (58%)
215
(73%)

2 (67%)

14 (74%)

15 (88%)

161
(69%)

42 (84%)

10 (42%)

680 (162,
1,750)

16 (4, 37)

38 (28,
47)

8.72 (3.55 to
21.41)
0.50 (0.02 to
12.92)

Reference
3.31(1.28 to
8.55)
11.30(0.15 to
835.38)

1.52 (0.15 to
14.88)
4.54 (0.29 to
70.12)

Reference

2.98 (0.56 to
15.91)
0.54 (0.09 to
3.30)
1.00 (1.00 to
1.00)
1.00 (0.99 to
1.00)
0.97 (0.95 to
0.99)

5.22 (1.86 to
14.71)

NA

Reference
3.12(1.01to
9.59)

NA

1.51(0.14 to
16.69)

6.11(0.34 to
109.45)

Reference

3.07 (0.52 to
18.05)
0.53 (0.08 to
3.59)

5.27 (1.85 to
15.00)

NA

Reference
3.02 (0.97 to
9.35)

NA

1.28 (0.11 to
14.50)
4.78 (0.25 to
92.24)

Reference

2.66 (0.44 to
16.07)
0.50 (0.07 to
3.48)
1.00 (1.00 to
1.00)

1n (%); Median (inter quartile range). aOR: adjusted odds ratio. Significant associations on multivariable analysis in bold face.
Factors investigated but not found significant on multivariable analysis: sex, HIV status, underlying conditions.

5.13 (1.82 to
14.46)

NA

Reference

3.08 (1.00 to
9.49)

NA

1.22 (0.11 to
13.06)
4.67 (0.27 to
80.37)

Reference

2.68 (0.46 to
15.45)
0.49 (0.07 to
3.23)

1.00 (0.99 to
1.01)

4.82 (1.69 to
13.76)

NA

Reference
3.05(0.97 to
9.54)

NA

1.70 (0.13 to
21.89)
44.92 (1.07 to
1,881.29)

Reference

3.64 (0.55 to
23.83)
0.45 (0.06 to
3.43)

0.99 (0.98 to
1.00)
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Figure 1. Contact parameters by age group (year) and site, Klerksdorp and Soweto, South Africa,
September 2020 — October 2021. Horizontal line represents the median, box represents the 25" and
75% percentile, whiskers represent 15t and 99" percentile, circles indicate outliers.
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Supplementary Table 1. Baseline characteristics of SARS-CoV-2 index cases (n=127) and their
household contacts (n=373) included in the household cumulative infection risk study and included
in the contact study, Klerksdorp and Soweto, South Africa, September 2020 — October 2021.

Site
Klerksdorp
Soweto
Index
Index
Contact
Household size
3-5
6-10
Rooms used for sleeping
1-2
2-4
>4
Unknown
Crowding
No
Yes
Child <5 years
No
Yes
HH member smokes inside
No
Yes
Main water source inside home
Water taps inside home
Water tap outside Home/tanker
Main cooking fuel
Electricity
Gas/Paraffin
Monthly household income
0-R800
R801-1600
R1601-3200
R3201-6400
R6401-12800
>R12801

Overall

n=500

236 (47.2)
264 (52.8)

127 (25.4)
373 (74.6)

350 (70.0)
150 (30.0)

245 (49.0)

157 (31.4)
51 (10.2)
47 (9.4)

127 (25.4)
373 (74.6)

426 (85.2)
74 (14.8)

403 (80.6)
97 (19.4)

353 (70.6)
147 (29.4)

483 (96.6)
17 (3.4)

42 (8.4)
42 (8.4)
91(18.2)
78 (15.6)
36(7.2)
20 (4.0)

No contact data

n=158

92 (58.2)
66 (41.8)

38 (24.1)
120 (75.9)

123 (77.8)
35(22.2)

77 (48.7)
55 (34.8)
13 (8.2)
13 (8.2)

50 (31.6)
108 (68.4)

137 (86.7)
21 (13.3)

116 (73.4)
42 (26.6)

121 (76.6)
37 (23.4)

153 (96.8)
5(3.2)

20 (12.7)
17 (10.8)
26 (16.5)
21(13.3)
12 (7.6)
9(5.7)

Included in
contact analysis
n=342

144 (42.1)
198 (57.9)

89 (26.0)
253 (74.0)

227 (66.4)
115 (33.6)

168 (49.1)

102 (29.8)
38 (11.1)
34 (9.9)

77 (22.5)
265 (77.5)

289 (84.5)
53 (15.5)

287 (83.9)
55 (16.1)

232 (67.8)
110 (32.2)

330 (96.5)
12 (3.5)

22 (6.4)
25 (7.3)
65 (19.0)
57 (16.7)
24 (7.0)
11(3.2)

p-
value

0.001

0.718

0.012

0.557

0.038

0.610

0.008

0.059

1.000

0.098
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Refused
Age (years)
<5
5-12
13-17
18-34
35-59
260
Sex
Male
Female
Level of education*

No schooling / kindergarten

Primary
Secondary
Matriculation
Post-secondary
Unknown
Employment*
Unemployed
Student
Employed
Unknown
Smoking cigarettes**
Yes
No
Unknown
HIV status
Negative
Positive
Unknown
Underlying illness***
No
Yes
Unknown
Body-mass index
Normal weight
Underweight
Overweight
Obese
Unknown
SARS-CoV-2 infection
Negative
Positive (index)

Positive (not index)
Values in headers indicate number of individuals. p-values calculated using Chi-squared test. *For
individuals 218 years old. **For individuals 215 years old. ***Self-reported history of diabetes,

191 (38.2)

19 (3.8)
73 (14.6)
60 (12.0)
131 (26.2)
165 (33.0)
52 (10.4)

197 (39.4)
303 (60.6)

18 (3.6)
23 (4.6)
112 (22.4)
170 (34.0)
20 (4.0)
157 (31.4)

171 (34.2)
33 (6.6)
111 (22.2)
185 (37.0)

66 (13.2)
428 (85.6)
6(1.2)

244 (48.8)
56 (11.2)
200 (40.0)

418 (83.6)
72 (14.4)
10 (2.0)

208 (41.6)
28 (5.6)
101 (20.2)
153 (30.6)
10 (2.0)

153 (30.6)
127 (25.4)
220 (44.0)

53 (33.5)

8 (5.1)
25 (15.8)
18 (11.4)
45 (28.5)
48 (30.4)
14 (8.9)

60 (38.0)
98 (62.0)

5(3.2)
8(5.1)
33(20.9)
52 (32.9)
7 (4.4)
53 (33.5)

52 (32.9)
8(5.1)
36 (22.8)
62 (39.2)

23 (14.6)
132 (83.5)
3(1.9)

88 (55.7)
17 (10.8)
53 (33.5)

129 (81.6)
24 (15.2)
5(3.2)

67 (42.4)
8(5.1)
32(20.3)
46 (29.1)
5(3.2)

53 (33.5)
38 (24.1)
67 (42.4)

138 (40.4)

11(3.2)
48 (14.0)
42 (12.3)
86 (25.1)
117 (34.2)
38 (11.1)

137 (40.1)
205 (59.9)

13 (3.8)

15 (4.4)
79 (23.1)
118 (34.5)

13 (3.8)
104 (30.4)

119 (34.8)
25 (7.3)
75 (21.9)

123 (36.0)

43 (12.6)
296 (86.5)
3(0.9)

156 (45.6)
39 (11.4)
147 (43.0)

289 (84.5)
48 (14.0)
5(1.5)

141 (41.2)
20 (5.8)

69 (20.2)

107 (31.3)
5 (1.5)

100 (29.2)
89 (26.0)
153 (44.7)

0.739

0.730

0.963

0.732

0.503

0.095

0.412

0.756

0.621
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hypertension, asthma, lung disease, heart disease, stroke, spinal cord injury, epilepsy, cancer, liver
disease, renal disease, pre-maturity.

Supplementary Table 2. Contact parameters by age group (year) and site, Klerksdorp and Soweto,
South Africa, September 2020 — October 2021

Median daily average
contact duration*
(seconds, median

Median daily contact

Median daily contact duration .
frequency (median

(seconds, median (IQR))

(IaR)) (1QR))

Overall 342 1240 (543, 2785) 28.00 (13, 63) 40.00 (33, 52)
<5 11 2440 (1175, 5230) 74 (27, 105) 40 (38, 57)
5-12 48 3510 (1382, 6975) 78 (29, 112) 46 (39, 60)
13-17 42 1485 (710, 3100) 37 (15, 66) 40 (33, 50)
18-34 86 970 (368, 2665) 24 (8, 46) 40 (34, 53)
35-59 117 900 (420, 2080) 22 (12, 46) 40 (31, 46)
>60 38 1030 (450, 1765) 21 (14, 42) 36 (30, 45)

Klerksdorp

Overall 144 1295 (580, 3385) 29 (12, 69) 40 (34, 55)
<5 5 1200 (1150, 6820) 26 (20, 156) 57 (54, 64)
5-12 21 3780 (1230, 12430) 80 (24, 188) 45 (39, 71)
13-17 23 1840 (805, 4855) 40 (18, 88) 41 (34, 57)
18-34 39 880 (340, 2795) 21 (6, 60) 40 (33, 53)
35-59 42 1075 (580, 2065) 22 (12, 40) 40 (33, 45)
>60 14 1630 (520, 2732) 40 (13, 47) 38 (28, 56)

Soweto

Overall 198 1220 (532, 2498) 28 (14, 58) 40 (32, 48)
<5 6 3150 (1570, 4295) 86 (45, 103) 38 (37, 39)
5-12 27 3480 (1530, 5750) 68 (36, 112) 48 (39, 57)
13-17 19 1410 (765, 2240) 33 (15, 48) 38 (32, 45)
18-34 47 1000 (520, 2355) 24 (11, 41) 42 (34, 53)
35-59 75 890 (410, 2030) 24 (11, 48) 39 (31, 46)
>60 24 815 (470, 1240) 19 (14, 30) 35 (32, 43)

*Cumulative close-range proximity events duration divided by cumulative contact frequency
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Patients screened N=1531

'—l

I—|

SARS-CoV-2 detected on PCR 277/1531(18%)

SARS-CoV-2 not detected on PCR 1245/1531 (81%)
Specimen not tested 9/1531 (1%)

'—I

Households approached 143/277 (52%) |

'—I

—

Households enrolled and included in analysis
131/143 (92%)

Households not enrolled/not included 12/143 (8%)
<70% of members consented 1/12 (8%)
Early withdrawal 10/12 (83%)

Index vaccinated 1/12 (8%)

‘ Individuals N=593

'—I

I—|

Individuals included in cohort 588/593 (99%)
131 households with 131 index cases
Contacts n=457

Contacts not included 5/462 (1%)
Not interested 5/5 (100%)

'—I

I—l

Individuals included in HCIR* analysis 500/588 (85%)
Index cases 127/131(97%)

Individuals not included in HCIR* analysis 88/593 (15%)

Index cases 4/131 (3%)

Mixed cluster** 3/4 (75%)

Contacts 373/457 (82%)
Full household seropositive at baseline 1/3 (33%)
Contacts 84/457 (18%)
Mixed cluster** 13/84 (15%)
Individual seropositive at baseline 71/84 (85%)
— —

I—I

Not approached 134/277 (48%)
Not interested 52/134 (39%)

Symptom onset >7 days before enrolment 29/134 (22%)
Test resulted >48h before could be approached 5/134 (4%)
Symptomatic household contacts 6/134 (4%)
Household size <3 17/134 (13%)
Lives/works outside catchment 6/134 (4%)

Index hospitalised 12/134 (9%)

Index demised 1/134 (1%)

Family member of study staff 1/134 (1%)

Could not be reached 5/134 (4%)

Individuals included in contact analysis 342/500 (68%)
Index cases 89/127 (70%)
Contacts 253/373 (68%)

Individuals not included in contact analysis 158/500 (32%)
Index cases 38/127 (30%)
Pre-deployment™** 8/38 (21%)
Sensors not deployed 2/38 (5%)
Refused 6/38 (16%)

No data available**** 22/38 (58%)
Contacts 120/373 (32%)
Pre-deployment™** 18/120 (15%)
Sensors not deployed 4/120 (3%)
Refused 26/120 (22%)

No data available**** 72/120 (60%)

Supplementary Figure 1. Participants screened, enrolled, included in household transmission study
and included in contact analysis, Klerksdorp and Soweto, South Africa, 2020-2021.

*Not included in HCIR analysis in study main manuscript (Kleynhans J, Walaza S, Martinson NA, et al. Household
transmission of SARS-CoV-2 from adult index cases living with and without HIV in South Africa, 2020-2021: a
case-ascertained, prospective observational household transmission study. Clin Infect Dis 2022.), **More than one
SARS-CoV-2 variant detected in household, ***Household completed first week of follow-up before proximity sensors
were deployed in field, ****No data available due to: Non-compliance based on lack of contacts logged or stationary
accelerometer (n=73), Tag hardware failure (n=12), Tag lost/damaged (n=9)
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