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Cost-effectiveness of public health strategies for COVID-19
epidemic control in South Africa: a microsimulation
modelling study
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Kenneth A Freedberg, Pooyan Kazemian*, Mark J Siedner*

Summary

Background Health-care resource constraints in low-income and middle-income countries necessitate the
identification of cost-effective public health interventions to address COVID-19. We aimed to develop a dynamic
COVID-19 microsimulation model to assess clinical and economic outcomes and cost-effectiveness of epidemic
control strategies in KwaZulu-Natal province, South Africa.

Methods We compared different combinations of five public health interventions: health-care testing alone, where
diagnostic testing is done only for individuals presenting to health-care centres; contact tracing in households of
cases; isolation centres, for cases not requiring hospital admission; mass symptom screening and molecular
testing for symptomatic individuals by community health-care workers; and quarantine centres, for household
contacts who test negative. We calibrated infection transmission rates to match effective reproduction number (R,)
estimates reported in South Africa. We assessed two main epidemic scenarios for a period of 360 days, with an R,
of 1.5 and 1-2. Strategies with incremental cost-effectiveness ratio (ICER) of less than US$3250 per year of life
saved were considered cost-effective. We also did sensitivity analyses by varying key parameters (R, values,
molecular testing sensitivity, and efficacies and costs of interventions) to determine the effect on clinical and
cost projections.

Findings When R, was 1-5, health-care testing alone resulted in the highest number of COVID-19 deaths during the
360-day period. Compared with health-care testing alone, a combination of health-care testing, contact tracing, use of
isolation centres, mass symptom screening, and use of quarantine centres reduced mortality by 94%, increased
health-care costs by 33%, and was cost-effective (ICER $340 per year of life saved). In settings where quarantine
centres were not feasible, a combination of health-care testing, contact tracing, use of isolation centres, and mass
symptom screening was cost-effective compared with health-care testing alone (ICER $590 per year of life saved).
When R, was 1-2, health-care testing, contact tracing, use of isolation centres, and use of quarantine centres was the
least costly strategy, and no other strategies were cost-effective. In sensitivity analyses, a combination of health-care
testing, contact tracing, use of isolation centres, mass symptom screening, and use of quarantine centres was
generally cost-effective, with the exception of scenarios in which R, was 2-6 and when efficacies of isolation centres
and quarantine centres for transmission reduction were reduced.

Interpretation In South Africa, strategies involving household contact tracing, isolation, mass symptom screening,
and quarantining household contacts who test negative would substantially reduce COVID-19 mortality and would be
cost-effective. The optimal combination of interventions depends on epidemic growth characteristics and practical
implementation considerations.

Funding US National Institutes of Health, Royal Society, Wellcome Trust.

Copyright © 2020 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY-NC-ND
4.0 license.

Introduction

By early September, 2020, 16 countries in sub-Saharan
Africa had reported more than 10000 COVID-19 cases.!
High urban density, few opportunities for physical
distancing, and poor access to hygiene interventions
increase the risk of severe epidemics in the region.?
The existing public health infrastructure for epidemic
responses in sub-Saharan Africa is also of concern
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because testing capacity, surveillance infrastructure,
isolation facilities, and intensive care services are
sparse.**

To address the COVID-19 pandemic, low-income and
middle-income countries (LMICs) are implementing
epidemic control programmes. WHO promotes estab-
lishment of disease surveillance platforms, contact
tracing, and isolation facilities.” Epidemiological

CrossMark

Lancet Glob Health 2021;
9:e120-29

Published Online
November 11, 2020
https://doi.org/10.1016/
$2214-109X(20)30452-6

*Contributed equally

Medical Practice Evaluation
Center (K P Reddy MD,

F M Shebl PhD, J H A Foote BA,

J A Scott MPH, C Panella BA,

K P Fitzmaurice BS,

CFlanagan MPH, E P Hyle MD,

A M Neilan MD,

A M Mohareb MD,

A L Ciaranello MD,

Prof K A Freedberg MD,

P Kazemian PhD,

M ) Siedner MD), Division of
Pulmonary and Critical Care
Medicine (K P Reddy), Division
of Infectious Diseases (E P Hyle,
A M Neilan, A M Mohareb,

A L Ciaranello,

Prof K A Freedberg, M J Siedner),
Division of General Academic
Pediatrics (A M Neilan), and
Division of General Internal
Medicine (Prof K A Freedberg),
Massachusetts General
Hospital, Boston, MA, USA;
Harvard Medical School,
Boston, MA, USA (K P Reddy,

F M Shebl, ] HA Foote, E P Hyle,
A M Neilan, A M Mohareb,

A L Ciaranello, Prof E Losina PhD,
Prof K A Freedberg, P Kazemian,
M) Siedner); Department of
Epidemiology (G Harling ScD),
Harvard Center for Population
and Development Studies

(G Harling), and Department of
Health Policy and Management
(Prof K A Freedberg), Harvard

T H Chan School of Public
Health, Boston, MA, USA;
Africa Health Research
Institute, Durban, South Africa
(G Harling, M J Siedner);
Institute for Global Health,
University College London,
London, UK (G Harling);
MRC/Wits Rural Public Health
and Health Transitions
Research Unit (Agincourt),
University of Witwatersrand,

e120


http://crossmark.crossref.org/dialog/?doi=10.1016/S2214-109X(20)30452-6&domain=pdf

Articles

Johannesburg, South Africa
(G Harling); Harvard University
Center for AIDS Research,
Cambridge, MA, USA (E P Hyle,
AL Ciaranello); Desmond Tutu
HIV Foundation, University of
Cape Town, Cape Town,

South Africa

(Prof L-G Bekker MBChB,

Prof R Wood DSc);
KwaZulu-Natal Research
Innovation and Sequencing,
College of Health Sciences,
University of KwaZulu-Natal,
Durban, South Africa

(R) Lessells PhD); Department
of Biostatistics, Boston
University School of Public
Health, Boston, MA, USA
(Prof E Losina); and
Orthopaedic and Arthritis
Center for Outcomes Research
and Policy and Innovation
eValuation in Orthopaedic
Treatments (PIVOT) Center,
Department of Orthopaedic
Surgery, Brigham and Women's
Hospital, Boston, MA, USA
(Prof E Losina)

Correspondence to:

Dr Krishna P Reddy, Medical
Practice Evaluation Center,
Massachusetts General Hospital,
Boston, MA 02114, USA
kpreddy@mgh.harvard.edu

See Online for appendix

e121

Research in context

Evidence before this study

We searched PubMed and the medRxiv and SSRN preprint
servers for original studies that included estimates of the
cost-effectiveness of COVID-19 public health intervention
strategies, published in English between Jan 1 and

June 24, 2020, using the search terms “cost-effectiveness” and
“COVID"” or “SARS-CoV-2". We reviewed any original scientific
reports that included cost-effectiveness of public health
intervention strategies for COVID-19 epidemic control. Our
search did not yield any related articles in PubMed. We
identified seven related preprint articles. Of these preprint
articles, three focused on only one intervention strategy
(personal protective equipment for health-care workers,
community face mask use, or social distancing), one assessed
only home versus hotel isolation, and one did not assess a
specific intervention. Two articles compared different
interventions via incremental cost-effectiveness ratios but were
not country-specific and did not include active case finding
strategies such as contact tracing and mass symptom
screening. Several published COVID-19 epidemiological
modelling analyses have projected the impact of control
strategies on epidemic growth, without consideration of costs,
cost-effectiveness, or budget impact.

Added value of this study

We used a dynamic microsimulation model to estimate the
cost-effectiveness of COVID-19 public health intervention
strategies in KwaZulu-Natal province, South Africa, including
combinations of interventions currently in use or being

models of these interventions have indicated that
their efficacy is dependent on intervention adherence
and transmission dynamics.” However, few studies
have included resource costs to assess their cost-
effectiveness and feasibility. Inadequate human
resources, public health financing, and availability
of health-care facilities necessitate particular attention
in LMICs.

We used a dynamic microsimulation model to
compare medical outcomes and costs for a range
of COVID-19 control measures in KwaZulu-Natal
province, South Africa. We aimed to inform policy
decision making by projecting clinical and economic
outcomes, cost-effectiveness, and budget impact of
alternative control strategies, focusing on those
proposed or currently in use in South Africa. As a
frame of reference, epidemic control measures in South
Africa in June, 2020, included a combination of
health-care testing, contact tracing, isolation centres,
and mass symptom screening. Although the first wave
of diagnosed COVID-19 cases in South Africa peaked
in July, 2020, this analysis could be used to inform
preparation for, or response to, a resurgence or
subsequent waves.

considered in South Africa and elsewhere in the region.

We projected health-care resource use and health sector
budget impact for a period of 360 days for each strategy.

We did extensive sensitivity analysis to account for
uncertainty in epidemic growth and in the efficacies and costs
of different interventions. We found that strategies combining
household contact tracing, isolation of individuals with
COVID-19, mass symptom screening, and quarantine of
household contacts of COVID-19 cases would substantially
reduce mortality and would be cost-effective. The optimal
combination of interventions was dependent on epidemic
growth characteristics and efficacies and costs of
interventions.

Implications of all the available evidence

Isolation of individuals with COVID-19 continues to be an
important strategy for slowing epidemic growth. Our results
show that isolation combined with contact tracing, mass
symptom screening, and quarantine of household contacts of
cases is a cost-effective strategy for epidemic control, and that
upfront expenditures could reduce downstream costs by
preventing infections, hospital admissions, and additional
resource use. Active case finding led by community health
workers, which has been established in public health activities in
South Africa and other low-income and middle-income
countries, could be leveraged to control the spread of COVID-19
in an economically efficient manner. Where quarantine is not
possible due to implementation barriers or poor public support,
a combination of the other interventions would be cost-effective.

Methods

Model overview

We developed the Clinical and Economic Analysis
of COVID Interventions (CEACOV) dynamic state-
transition Monte Carlo microsimulation model to reflect
the natural history, diagnosis, and treatment of COVID-19.
We compared six public health intervention strategies
(appendix pp 28-31). For all control strategies, the basic
assumptions were: testing consists of PCR for severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
on a nasopharyngeal specimen; individuals awaiting test
results are instructed to selfisolate; individuals who
become severely ill (with dyspnoea or hypoxaemia),
regardless of test result, are admitted to hospital until
hospital capacity is reached; individuals with a negative
test result are advised to practise physical distancing and
hand hygiene; individuals with an initial negative test
result can present for repeat testing if they develop new or
worsening symptoms; and individuals not initially
admitted to hospital can be admitted later if they develop
severe illness. Each modelled strategy also had unique
assumptions. For the health-care testing alone strategy,
approximately 30% of people with mild or moderate
COVID-19-like symptoms and all with severe symptoms
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self-present to a health-care centre for testing, and those
with a positive result who are not severely ill are instructed
to self-isolate at home. For the health-care testing and
contact tracing strategy, in addition to health-care testing,
household contacts of COVID-19 cases are tested,
and individuals with a positive result are instructed to self-
isolate at home. For the health-care testing, contact
tracing, and isolation centre strategy, in addition to health-
care testing and contact tracing, cases who are not severely
ill are referred to an isolation centre offering food, shelter,
and basic medical care without supplemental oxygen, and
are discharged after 14 days. For the health-care testing,
contact tracing, isolation centre, and mass symptom
screening strategy, in addition to health-care testing,
contact tracing, and use of isolation centres, community
health-care workers screen the entire population for
COVID-19 symptoms every 6 months and refer those with
symptoms for PCR testing. Individuals with a positive
PCR test who are not severely ill are referred to an isolation
centre. For the health-care testing, contact tracing,
isolation centre, and quarantine centre strategy, in
addition to health-care testing, contact tracing, and use of
isolation centres, household contacts with a negative test
result who cannot safely quarantine at home are referred
to a quarantine centre where they receive food and shelter.
Quarantined individuals are discharged after 14 days,
unless they develop COVID-19-like symptoms, in which
case they are referred to isolation centres or hospitals, as
available. For the health-care testing, contact tracing,
isolation centre, mass symptom screening, and quaran-
tine centre strategy, all five interventions are combined.
We initiated our model with a SARS-CoV-2 infection
prevalence of 0-1%, which corresponds to approximately
11000 cases in KwaZulu-Natal (based on empirical data;
appendix p 4). We simulated COVID-19-specific outcomes
for a period of 360 days, including daily and cumulative
infections (detected and undetected), deaths, resource use,
and health-care costs from the health sector perspective
without discounting. Outside the model, we calculated the
mean lifetime years of life saved (YLS) from each averted
COVID-19 death during the 360-day time period, which
equated to 16-8 life-years without discounting, or 12-5 life-
years when discounted 3% per year (appendix pp 5-6). The
primary outcome for this analysis was the incremental
cost-effectiveness ratio (ICER), which was calculated as
the difference between two strategies in health-care costs
(2019 US$) divided by the difference in undiscounted
life-years. We did not include costs beyond the 360-day
model horizon. Non-HIV public health expenditure in
South Africa is approximately $600 per year per capita;*
including those annual costs over a lifetime yields a
lifetime ICER approaching $600 per YLS. Therefore, our
ICER estimates include health-care costs during the
360-day model and YLS over a lifetime from averted
COVID-19 deaths during the 360-day model. We defined
an ICER cutoff of less than $3250 per YLS as cost-effective,
on the basis of an opportunity costapproach (appendix p 2).°
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Model structure

At simulation initiation, each individual is either
susceptible to, or infected with, SARS-CoV-2 according to
age-stratified probabilities (0-19, 20-59, =60 years). Once
infected, an individual transitions to the preinfectious
latency state. Each individual faces an age-dependent
probability of developing asymptomatic, mild or moderate,
severe, or critical disease (appendix pp 2, 11, 32). Indi-
viduals with critical disease have a daily probability of
death. If individuals with critical disease survive, they pass
through a recuperation state (remaining infectious) before
entering the recovery state. Individuals in other disease
states can transition directly to the recovery state.
Recovered individuals pose no risk of transmission and
are assumed immune from repeat infection for the
simulation duration. All simulated individuals advance
through the model simultaneously to capture infection
transmission dynamics. To validate our natural history
assumptions, we compared model-projected COVID-19
deaths with those reported in KwaZulu-Natal between
May 6 and Aug 30, 2020 (appendix p 4).

Individuals in asymptomatic, mild or moderate, severe,
critical, or recuperation states of COVID-19 can transmit
infection to susceptible individuals at state-dependent
daily rates. The number of daily infections is a function of
the proportion of susceptible people in the population,
the distribution of disease states among those with
COVID-19, and interventions that influence transmission
(appendix p 3). PCR testing specifications include
sensitivity, specificity, time from testing to result, and
cost. Interventions influence testing probability (eg,
contact tracing and mass symptom screening), infection
transmission rate (eg, isolation centre and quarantine
centre), and costs.

Individuals with severe disease are referred to hospitals
and those with critical disease are referred to intensive
care units. In the event that hospital or intensive care
unit resources are not available, the individual receives
the next lower available intervention, which is associated
with a different mortality risk and cost (eg, if a person
needs intensive care when no intensive care beds are
available, they receive non-intensive hospital care).

Model calibration

We populated CEACOV with COVID-19 natural history
data from published literature (table 1). We used estimates
of the basic reproduction number and viral shedding
duration in various disease states to calculate transmission
rates. We then calibrated transmission rates to construct
an effective reproduction number (R,) corresponding to
South African estimates in May, 2020, after implemen-
tation of physical distancing and lockdown policies
(appendix p 4)."”

Input parameters
We defined cohort demographic characteristics using
2019 population estimates (table 1)." In 2019, 40-26% of
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Base case value Data source
Cohort age groups, years
0-19 40-26% "
20-59 51-48% "
=60 8-26% "
Proportion of individuals in each health state at model start, %
Susceptible 99-900% Assumption
Infected
Preinfectious latency stage 0-030% Assumption
Asymptomatic 0-030% Assumption
Mild or moderate disease 0-030% Assumption
Severe disease 0-005% Assumption
Critical disease 0-005% Assumption
Recuperation after critical disease 0-000% Assumption
Recovered 0-000% Assumption
R, 1.5 (1-1-2-6) u

Daily probability of onward transmission by health state

Asymptomatic
Mild or moderate disease
Severe disease

Critical disease

Recuperation after critical disease

PCR testingt
Sensitivity¥, %
Specificity, %
Cost, 2019 US$

Time to result return and act|

Resource availability per 11000 000 people, n

Hospital beds

Intensive care unit beds

Isolation centre beds

Quarantine centre beds
Cost per person, 2019 US$

Hospital bed, daily

Intensive care unit bed, daily

Contact tracing/mass symptom screen,

per instance
Isolation centre bed, daily

Quarantine centre bed, daily

Data in parentheses are ranges used in sensitivity analysis. R =effective reproductive number. *Transmission
probabilities in a scenario where R, is 1-5. tNasopharangeal specimens. $Test sensitivity does not vary by disease stage,
with the exception of the preinfectious latency phase in which it is 0%.

*

0-1556 Appendix (pp 3, 6)
0-1266 Appendix (pp 3, 6)
0-0088 Appendix(pp 3, 6)
0-0070 Appendix (pp 3, 6)
0-0088 Appendix (pp 3, 6)
70 (50-90) .
100 Assumption
26 (13-52) Appendix (pp 6, 7)
ion, days 5(1-7) Appendix (pp 6, 7)
26220 ]5
748 s
As needed, no capacity limitation Assumption
As needed, no capacity limitation Assumption
165 (83-330) *
2059 (1030-4118) v

3(2-6) Appendix (pp 24-27)
44 (22-88) Appendix (pp 23, 25-27)
37 (19-74) Appendix (pp 23, 25-27)

Table 1: Model input parameters for analysis of COVID-19 intervention strategies in KwaZulu-Natal

province, South Africa
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the population in KwaZulu-Natal were aged 0-19 years,
51-48% were aged 20-59 years, and 8-26% were older
than 60 years. Day 0 of the model represents a provincial
0-1% prevalence of active SARS-CoV-2 infection (approxi-
mately 11000 individuals), with the remainder of the
population susceptible to infection.

For individuals newly infected with SARS-CoV-2, mean
preinfectious latency was 2 -6 days. The estimated duration
of time individuals spend in each health state, age-
dependent probabilities of developing severe or critical

disease, and age-dependent mortality for individuals with
critical disease are shown in the appendix (p 11).

We stratified transmission rates by disease state
(table 1). We adjusted transmission rates to reflect a
scenario in which R, was 1-5.” Considering uncertainty
with regard to R,, we also simulated alternative epidemic
growth scenarios with lower (1-1 or 1-2) or higher (2-6)
R, values (appendix p 4).

In the base case, we assumed PCR had 70% sensitivity
and 100% specificity, and time to PCR result return and
action was 5 days for all active infection states.” We defined
the probability of being tested based on the health
state and intervention strategy in place (appendix p 7).
Considering the scarcity of data about the precise efficacy
of each intervention for reducing SARS-CoV-2 trans-
mission rates (eg, isolation centre), we made assumptions
about efficacies and varied them in sensitivity analysis. We
assumed ongoing transmission after diagnosis was
reduced by 50% as a result of health-care testing alone and
by 95% when health-care testing was combined with the
use of isolation or quarantine centres (appendix p 12).

On the basis of the estimated population of
KwaZulu-Natal province in 2019 of 11 million, the
maximum capacity of hospital beds in the province
was 26220 and the maximum capacity of intensive care
unit beds was 748 (table 1)."” We assumed that isolation
centre and quarantine centre beds were available to all
who needed them. We applied costs of PCR testing,
contact tracing, and mass symptom screening, and
daily costs of hospital stays, intensive care unit stays,
and isolation centre or quarantine centre stays on the
basis of published estimates or cost quotes obtained in
KwaZulu-Natal (appendix p 6).

Resource use and budget impact analysis

We did resource use and budget impact analysis from a
combined health sector perspective (public and private) for
the population of KwaZulu-Natal. We projected the total
resources (daily, peak daily, and cumulative), including
testing, hospital and intensive care unit beds, and isolation
centre and quarantine centre beds, which would be used in
each intervention strategy. Peak daily use of each resource
refers to the maximum number of that resource used in a
single day over the 360-day period. Isolation centre and
quarantine centre beds are offered to individuals who meet
criteria (ie, individuals with a positive PCR test who are not
severely ill are offered isolation centre beds, and household
contacts with a negative test result are offered quarantine
centre beds), and we assumed in the base case that
all beds offered would be used. In budget impact
analysis, we projected total and component health-care
costs associated with each strategy during the 360-day
period and compared them with the 2019 KwaZulu-Natal
Department of Health budget ($3-12 billion).” Because
intensive care is relatively expensive and mostly provided
in the private sector, we also considered costs exclusive of
intensive care.
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Sensitivity analysis

We did one-way sensitivity analysis by varying key
parameters across plausible ranges to determine the effect
on clinical and cost projections (table 1; appendix p 12).
To extrapolate to other settings, we restricted hospital
and intensive care unit bed availability to the mean
number of beds available in sub-Saharan Africa countries
(22275 hospital beds and 371 intensive care unit beds per
11 million people).* We did multiway sensitivity analysis
in which we varied parameters that had relatively large
effects in one-way sensitivity analysis, including reducing
isolation centre or quarantine centre efficacy and costs to
reflect the impact of home-based isolation and quarantine
strategies.

Role of the funding source

The funders had no role in the study design, data
collection, data analysis, data interpretation, writing
of the manuscript, or in the decision to submit the
manuscript for publication. The corresponding author
had full access to all the data in the study and had final
responsibility for the decision to submit the paper for
publication.

Results

When R, was 1-5, we projected that health-care testing
alone would result in the highest number of COVID-19
infections and deaths, most life-years lost, and lowest costs
during the 360-day period (table 2; appendix pp 33-34).
A combination of health-care testing, contact tracing, use
of isolation centres, mass symptom screening, and use of
quarantine centres provided the greatest clinical benefit
and was cost-effective (ICER $340 per YLS; figure 1).
Compared with health-care testing alone, the combined
strategy of health-care testing, contact tracing, use of iso-
lation centres, mass symptom screening, and use of
quarantine centres decreased life-years lost by 94% and
increased costs by 33%. All other strategies resulted in
higher costs and provided less clinical benefit than the
combined strategy of health-care testing, contact tracing,
use of isolation centres, mass symptom screening, and use
of quarantine centres. In settings where quarantine
centres cannot be implemented, a strategy of health-care
testing, contact tracing, use of isolation centres, and
mass symptom screening was the cost-effective strategy
(ICER $590 per YLS compared with health-care testing
alone).

When R, was 1-2, health-care testing, contact tracing,
use of isolation centres, and use of quarantine centres
resulted in lower health-care costs than health-care
testing alone (table 2). Compared with the strategy of
health-care testing, contact tracing, and use of isolation
centres and quarantine centres, the addition of mass
symptom screening resulted in 48% fewer life-years lost
but was not cost-effective (ICER $27590 per YLS).
Health-care testing, contact tracing, and use of isolation
centres was the least costly strategy in settings where
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Total life-  Health-care ICER, US$
years lost,* costs over perYLSt
n 360-day period,
US$t
R.1-5
Health-care testing alone 450940 437000000
Health-care testing, contact tracing, isolation centres, 27220 581000000 340
mass symptom screening, and quarantine centres
Health-care testing and contact tracing 322970 588000000 Dominated
Health-care testing, contact tracing, isolation centres, 60930 668000000 Dominated
and mass symptom screening
Health-care testing, contact tracing, and isolation centres 128 890 780000000 Dominated
Health-care testing, contact tracing, isolation centres, 60190 965000000 Dominated
and quarantine centres
R.12
Health-care testing, contact tracing, isolation centres, 3890 139000000
and quarantine centres
Health-care testing, contact tracing, and isolation centres 6850 141000000 Dominated
Health-care testing, contact tracing, isolation centres, 4260 183000000 Dominated
and mass symptom screening
Health-care testing, contact tracing, isolation centres, 2040 190000000 27590
mass symptom screening, and quarantine centres
Health-care testing and contact tracing 32040 276000000 Dominated
Health-care testing alone 97600 393000000 Dominated
Strategies are listed in order of ascending costs. Life-years and costs were rounded, but the ICER was calculated using
non-rounded values for life-years and costs. ICER=incremental cost-effectiveness ratio. YLS=years of life saved.
R =effective reproductive number. Dominated=strong dominance, resulting in more life-years lost and higher costs
than an alternative strategy. *We assumed that each death results in 16-8 life-years lost, on average, based on our
derivation (appendix pp 5-6). TThis reflects costs to the health-care sector. $The ICER is the difference between
two strategies in costs divided by the difference in undiscounted life-years (16-8 YLS per averted COVID-19 death;
appendix pp 5-6); a strategy was considered cost-effective when the ICER was less than US$3250 per YLS.*
Table 2: Model-projected life-years lost, health-care costs, and cost-effectiveness of COVID-19
intervention strategies in KwaZulu-Natal province, South Africa

quarantine centres were not feasible, and other strategies
were not cost-effective compared with health-care testing,
contact tracing, and use of isolation centres. When we
used life-years discounted 3% per year (12-5 discounted
YLS per averted COVID-19 death), cost-effectiveness
interpretations were unchanged.

Regarding resource use, when R, was 1-5, health-care
testing alone resulted in the highest peak daily use of
hospital beds (table 3). Compared with health-care testing
alone, the combined strategy of health-care testing, contact
tracing, isolation centres, mass symptom screening, and
quarantine centres increased cumulative PCR test usage
by 2- 6 times (with lower peak daily PCR use) and reduced
peak daily hospital bed use by 86% (due to fewer
cumulative infections), with 12380 isolation centre beds
and 18140 quarantine centre beds required at peak daily
use. Only the health-care testing, contact tracing, use of
isolation centres, and mass symptom screening strategy;
health-care testing, contact tracing, use of isolation
centres, and use of quarantine centre strategy; and the
health-care testing, contact tracing, use of isolation
centres, mass symptom screening, and quarantine centre
strategy maintained peak daily intensive care unit bed
demand below provincial capacity.
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Figure 1: Cost-effectiveness of COVID-19 intervention strategies in

KwaZulu-Natal province, South Africa

Model results are shown for the scenario in which the effective reproduction

number was 1.5. Strategies to the right of the dotted line were not

cost-effective. For non-dominated strategies, ICERs are shown below the
strategy label. HT=health-care testing. CT=contact tracing within households.
IC=isolation centres. MS=mass symptom screening. QC=quarantine centres.

YLS=years of life saved. ICER=incremental cost-effectiveness ratio.

When R, was 1-2, compared with health-care testing
alone, the combination of all five interventions increased
cumulative PCR test usage by 4-1 times and reduced the
peak daily hospital bed use by 66%, with 1860 isolation
centre beds and 3480 quarantine centre beds required at
peak daily use. All strategies with the exception of health-
care testing alone maintained peak daily intensive care
unit bed demand below capacity.

Over the 360-day modelled period, when R, was 1-5,
PCR testing contributed 9-27% to overall costs, depending
on the strategy (figure 2). In strategies that included use of
quarantine centres, these centres contributed 26-30% to
overall costs. In strategies without quarantine centres,
intensive care was the largest contributor to costs, ranging
from 38-71%. Costs exclusive of intensive care were

$125 million for the health-care testing alone strategy,
$413 million for the health-care testing, contact tracing,
use of isolation centres, and mass symptom screening
strategy, and $461 million for all five interventions
combined, equating to approximately 4%, 13%, and 15% of
the 2019 KwaZulu-Natal Department of Health budget,
respectively. Contact tracing and mass symptom screening
combined contributed to 10% or less of overall costs and
isolation centres contributed 22-31% to overall costs in
strategies in which they were used. When R, was 1-2,
costs exclusive of intensive care were $71 million for
the health-care testing alone strategy, $159 million
for the health-care testing, contact tracing, use of isolation

Cumulative PCR  Highest daily resource use during the 360-day period, n
tests in 360-day
period, n
PCR tests Hospital beds  ICU beds* Isolation Quarantine
(non-ICU) centre beds  centre beds
R.15
Health-care testing alone 1527450 14820 4690 748
Health-care testing, contact tracing, isolation centres, mass 3904230 12900 640 341 12380 18140
symptom screening, and quarantine centrest
Health-care testing and contact tracing 5951180 31050 3440 748
Health-care testing, contact tracing, isolation centres, and 4639280 16930 1320 715 21260
mass symptom screening
Health-care testing, contact tracing, and isolation centres 4904010 19340 1930 748 30510
Health-care testing, contact tracing, isolation centres, and 4478770 16710 1380 737 26710 39470
quarantine centres
R.1:2
Health-care testing, contact tracing, isolation centres, and 2963280 9870 590 363 1840 3110
quarantine centrest
Health-care testing, contact tracing, and isolation centres 3025260 9870 590 363 1620
Health-care testing, contact tracing, isolation centres, and 3159950 10520 570 396 1510
mass symptom screening
Health-care testing, contact tracing, isolation centres, mass 3120800 10520 570 396 1860 3480
symptom screening, and quarantine centres
Health-care testing and contact tracing 3647570 12450 770 506
Health-care testing alone 766140 4440 1680 748
Strategies are listed in order of ascending costs. ICU=intensive care unit. R =effective reproductive number. *748 ICU beds available in total. The cost-effective strategy in
this scenario.
Table 3: Model-projected resource use of COVID-19 intervention strategies in KwaZulu-Natal province, South Africa
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centres, and mass symptom screening strategy, and
$167 million for all five interventions combined, reflecting
2%, 5%, and 5% of the 2019 KwaZulu-Natal Department
of Health budget, respectively.

In sensitivity analyses, results were similar to the base
case, whereby a combination of all five interventions
was cost-effective, with varying costs of contact tracing
and mass symptom screening (appendix p 13) and
hospitalisation (appendix p 14); varying PCR sensitivity,
time to result, and PCR cost (appendix pp 16-17); and
varying availability of hospital and intensive care unit
beds (appendix p 18). When PCR sensitivity increased to
90%, both the health-care testing, contact tracing, use of
isolation centres, and mass symptom screening strategy
(ICER $440 per YLS) and all five interventions combined
(ICER $1660 per YLS) used resources efficiently.

Conversely, the projected ICERs changed meaningfully
when R, was 2-6. Resource requirements increased
substantially, which resulted in the combination of
all five interventions no longer being cost-effective
(ICER $25040 per YLS), and all strategies had ICERs
above the cost-effectiveness cutoff when compared with
the health-care testing alone strategy (appendix p 19).
Similar to when R, was 1-2, when R, was 1-1 no other
strategy was cost-effective compared with the health-
care testing, contact tracing, use of isolation centres,
and use of quarantine centres strategy (appendix p 19).
When the efficacies of contact tracing and mass
symptom screening for the detection of COVID-19 were
halved from the base case values, the combination
of health-care testing, contact tracing, use of isolation
centres, mass symptom screening, and use of quaran-
tine centres was no longer cost-effective (ICER $5930
per YLS; appendix p 20). When the efficacy of isolation
centres and quarantine centres for transmission
reduction was decreased from 95% to 75%, the combin-
ation of health-care testing, contact tracing, use of
isolation centres, mass symptom screening, and use of
quarantine centres was not cost-effective (ICER $12490
per YLS; appendix p 21). When the isolation centre
and quarantine centre costs decreased, the health-care
testing, contact tracing, use of isolation centre, mass
symptom screening, and use of quarantine centres
strategy became more favourable in terms of cost-
effectiveness, and it remained cost-effective when
isolation centre and quarantine centre costs were double
those of the base case (appendix p 22).

In a multiway sensitivity analysis, we varied the
efficacy of contact tracing and mass symptom screening
and reduced the efficacy and cost of isolation centres and
quarantine centres to assess lower cost but potentially
lower efficacy home-based isolation and quarantine
programmes. This analysis showed that a combination
of all five interventions and the health-care testing,
contact tracing, use of isolation centres, and use of
quarantine centres strategy were cost-effective in nearly
all scenarios in which contact tracing and mass
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A R=15
[ Quarantine centre care
[ Isolation centre care
11007 [ Contact tracing + mass
symptom screening

I ICU care
B Hospital care (non-ICU)
[ PCRtesting

965

1000 (31%)

900 780
800 (25%)

668
700 588 (22%) 581
600 (19%) (19%)

437

5007 (14%)

400
300
200

100

Total health-care costs for the 360-day period (US$ millions)

B R=12

393
(13%)

400

300

200

100

Total health-care costs for the 360-day period (US$ millions)

Strategy

Figure 2: Budget impact analysis of contributors to health-care costs of
COVID-19 intervention strategies applied to the population of
KwaZulu-Natal province, South Africa (11 million people)

Total and component COVID-19-related health-care costs, from a health sector
perspective, associated with different intervention strategies when applied to
the population of KwaZulu-Natal (11 million people) for an epidemic with an
R.of 1.5 (A) and 1-2 (B). The costs are derived from model-generated results.
Percentages in parentheses represent the proportion of the 2019 KwaZulu-Natal
Department of Health budget. R =effective reproductive number. HT=health-care
testing. CT=contact tracing within households. IC=isolation centres. MS=mass
symptom screening. QC=quarantine centres. ICU=intensive care unit.

symptom screening efficacy for case detection was
double that of the base case efficacy (appendix p 35).
When contact tracing and mass symptom screening
efficacy for case detection was half that of the base case
efficacy, strategies involving quarantine centres were
less likely to be cost-effective. In scenarios where
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quarantine centres were not feasible, the health-care
testing, contact tracing, use of isolation centres, and
mass symptom screening strategy was cost-effective in
most scenarios (appendix p 36).

Discussion

In KwaZulu-Natal, public health strategies that combine
contact tracing, isolation of individuals with confirmed
COVID-19, community-based mass symptom screening,
and quarantine of household contacts of confirmed cases
will substantially reduce infections, hospital admissions,
and deaths while efficiently using health-care resources.
We estimate that a strategy combining all interventions
would cost an additional $340 per YLS, which compares
favourably with the cost-effectiveness of many established
public health interventions in South Africa, including
tuberculosis diagnostic testing” and cervical cancer
screening.” In scenarios in which implementation of
quarantine centres is not possible, a strategy of contact
tracing, isolation centres, and mass symptom screening
would be cost-effective.

The cost-effectiveness of strategies was sensitive to
epidemic growth conditions. We did sensitivity analyses
to enable generalisation of results to other settings with
resource constraints, to epidemics at varying degrees of
acceleration (including published estimates for South
Africa™”), and with varying intervention costs.* With low
epidemic growth (R, 1-1-1-2), a combination of health-
care testing, contact tracing, and use of isolation and
quarantine centres was the optimal strategy; quarantine
centres remained cost-effective but the addition of mass
symptom screening was not cost-effective. With high
epidemic growth (R, of 2-6), when the epidemic outpaced
control measures and costs increased substantially,
no combination of the modelled interventions was
cost-effective compared with health-care testing alone.

Our model parameters and specifications were selected
for their relevance to LMICs. Our estimates are based on
the population structure of KwaZulu-Natal, which has a
median age of 25 years (compared with 38 years in the
USA), and thus are likely to reflect epidemic scenarios in
LMICs with similarly young age structures. We chose
intervention scenarios based on previous research
supporting their efficacy for epidemic control, WHO
recommendations, and particular relevance to settings
with limitations in formal health-care infrastructure.””
To enable estimation of the total number of PCR tests
needed and associated costs, we did not restrict PCR
testing availability: peak PCR use reached approximately
10000-15000 tests per day for the optimal strategies,
which was marginally higher than the established
capacity in KwaZulu-Natal during the recent surge in
COVID-19 cases in July, 2020.” We specified the model to
reflect the number of available hospital and intensive care
unit beds in KwaZulu-Natal,® and results were similar
when we further restricted bed availability to that of other
settings in sub-Saharan Africa.® Contact tracing and

community-based screening have been frequently used
for case-finding in LMICs.” Many sub-Saharan African
countries are thus theoretically poised to implement such
interventions through established networks of com-
munity health workers. Isolation centres, which are likely
to require the greatest investment in new infrastructure,
have been implemented successfully in response to Ebola
epidemics in West Africa and the Democratic Republic of
Congo, where the availability of health-care resources is
among the lowest in the world.” South Africa rapidly
implemented and expanded COVID-19 related services
between April and June, 2020, but further scale-up would
be required to meet demand in some of our modelled
scenarios.”?

In our model, isolation centres are designed as housing
facilities for people with confirmed COVID-19 who do not
require hospital care but cannot safely isolate at home.
We estimated that use of these centres reduces ongoing
transmission after a confirmed diagnosis from 50% (in
the health-care testing alone strategy) to 5%. Isolation
centres are likely to be most effective in areas with high
household density and little capacity for in-home
isolation, which is the case for many urban centres in
sub-Saharan Africa. Quarantine centres, which include
optional housing for contacts who test negative and
cannot safely distance during the latency period, have
also been proposed for interrupting epidemic spread and
were implemented in the early phases of the COVID-19
response in China. They were effective in our model at
reducing the deleterious impact of the epidemic and were
cost-effective in many modelled scenarios.

Important social and human rights require consider-
ation with regard to the implementation of isolation and
quarantine in many settings, due to trade-offs between
public health benefits and civil liberties.” In our model,
both interventions are provided optionally for those who
cannot do so safely at home, but we conservatively
included costs to reflect needs should they be used. We
also considered the use of home-based isolation and
quarantine in a multi-way analysis that reduced efficacies
and costs of both interventions. We found that isolation
and quarantine remained cost-effective in some lower
efficacy scenarios, particularly if their costs were also
reduced. From a public health perspective, our findings
support use of quarantine centres in areas with individual
and community support for their use.

Our model should be interpreted within the context of
several limitations. We did not account for heterogeneous
mixing within the population. Instead, we assumed that
contact patterns were random, as commonly done in
infectious disease models. We assumed that the age-
adjusted prevalence of non-communicable comorbidities
in South Africa would be similar to that in in the USA and
that age would be the primary driver of COVID-19
outcomes as previously reported in multiple settings.”*
Consistent with most published studies,”” we conserv-
atively assumed no modifying effect of HIV on the severity

www.thelancet.com/lancetgh Vol 9 February 2021



Articles

of COVID-19, although additional data are needed from
HIV-endemic countries to support this assumption.
Considering a scenario in which a high prevalence of non-
communicable diseases and HIV in South Africa did
worsen COVID-19 outcomes compared with resource-rich
settings, then the benefits of public health interventions
in terms of YLS and cost-effectiveness are likely to be
greater than our estimates. We accounted for mortality
rates specific to South Africa in our calculations of life
expectancy and years of life lost. Consideration of how
resources and interventions implemented in response to
COVID-19 will impact available resources for other
regional health-care priorities will be crucial. We did not
include lifetime costs of health care beyond COVID-19 or
of sequelae among individuals who recovered, and we did
not account for the effect of COVID-19 interventions on
other economic sectors. Consistent with all modelling
exercises, our estimates were determined by assumptions
of input parameters. We selected COVID-19 clinical
parameters based on published literature, which are
largely derived from high-income settings. Intervention
efficacy estimates were hypothesised based on other
model parameters, existing literature where available, or
expert opinion if no data were available. Recognising a
paucity of empirical data for some of these estimates, we
focused our sensitivity analyses on varying those for which
data were scarce. Costing data for hospital and intensive
care were derived from the literature, whereas personnel,
medical supply, transportation, and other related costs
for contact tracing, isolation centres, mass symptom
screening, and quarantine centres were invoiced from
local vendors in KwaZulu-Natal and therefore might not
reflect costs in other contexts nor full implementation and
scale-up costs. However, our primary findings and policy
conclusions were largely consistent across a range of
costing estimates.

We recommend that policy makers consider a combined
strategy of health-care testing, contact tracing, isolation
of confirmed cases, mass symptom screening, and
quarantine of household contacts of cases to address
COVID-19 epidemic control efficiently. Where quarantine
centres are not feasible—for example, due to budget
constraints or absence of public support—a strategy that
includes the other interventions would still provide
clinical benefit in an economically efficient manner.
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