nature communications

Article

https://doi.org/10.1038/s41467-023-38477-7

Modelling the economic burden of SARS-
CoV-2 infection in health care workers in four

countries

Received: 8 December 2022

Accepted: 3 May 2023

Published online: 16 May 2023

M Check for updates

Huihui Wang™", Wu Zeng ® 2", Kenneth Munge Kabubei®,

Jennifer J. K. Rasanathan?, Jacob Kazungu®, Sandile Ginindza®, Sifiso Mtshali’,
Luis E. Salinas®, Amanda McClelland®, Marine Buissonniere®, Christopher T. Lee®,
Jane Chuma?, Jeremy Veillard®, Thulani Matsebula' & Mickey Chopra’

Health care workers (HCWSs) experienced greater risk of SARS-CoV-2 infection
during the COVID-19 pandemic. This study applies a cost-of-illness (COI)
approach to model the economic burden associated with SARS-CoV-2 infec-
tions among HCWs in five low- and middle-income sites (Kenya, Eswatini,
Colombia, KwaZulu-Natal province, and Western Cape province of South
Africa) during the first year of the pandemic. We find that not only did HCWs
have a higher incidence of COVID-19 than the general population, but in all
sites except Colombia, viral transmission from infected HCWs to close con-
tacts resulted in substantial secondary SARS-CoV-2 infection and death. Dis-
ruption in health services as a result of HCW illness affected maternal and child
deaths dramatically. Total economic losses attributable to SARS-CoV-2 infec-
tion among HCWs as a share of total health expenditure ranged from 1.51% in
Colombia to 8.38% in Western Cape province, South Africa. This economic
burden to society highlights the importance of adequate infection prevention
and control measures to minimize the risk of SARS-CoV-2 infection in HCWs.

Though it is well-known and widely understood that COVID-19 is both a
health crisis and economic crisis, the extent to which health care
worker (HCW) SARS-CoV-2 infections pose a society-wide economic
burden is less well understood. The burden of illness among HCWs
includes costs of medical care, diminished personal earnings, and lost
economic productivity over time'. When HCWs become infected in a
pandemic, these costs are amplified by greater infectious spread,
including in health care settings, within households of HCWs, and to
the wider community?.

In addition, however, high rates of SARS-CoV-2 infection among
HCWs have the potential to generate a substantial, longer-term
economic toll by disrupting the delivery of health services, such as

care for cancer patients and dialysis services, as well as maternal and
child health services**. Consequences of the pandemic for maternal
and child health care include but are not limited to fewer immuni-
zations being given, fewer women receiving the full scope of
antenatal care, and fewer babies being delivered in health care
facilities™®. Besides the service disruption due to SARS-CoV-2 infec-
tions among HCWs, the influx of COVID-19 patients and stringent
control measures affect the delivery of essential services’. Economic
costs associated with disruptions in health service delivery are borne
by entire societies, especially in low- and middle-income countries
(LMICs), where human resources for health are already in chronically
short supply. Decades-long efforts to build human resources for
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health are a testament that the health care workforce cannot be easily
or rapidly generated’.

Economic analyses have largely sought to quantify the overall cost
of the COVID-19 pandemic®, including the cost of lost productivity due
to premature deaths from COVID-19°, without specifically examining
the economic burden attributed to SARS-CoV-2 infections in HCWs.
Studies that have evaluated the economic cost of SARS-CoV-2 infec-
tions in HCWs tend to focus on HCW absenteeism due to COVID-19.
One study in Iran, for example, calculated the economic cost of
absenteeism in 1958 HCWs to be $1.3 million'°. A cost-of-illness (COI)
analysis in Greece considered only the cost of absenteeism (and pre-
sentism) along with the costs of direct medical care for infected
HCWs".

To our knowledge, there is no comprehensive estimation of the
society-wide economic burden in LMICs that captures the direct and
indirect costs of SARS-CoV-2 infections among HCWs, the role of HCW
infections in wider community transmission, and the economic toll of
disrupted health services. Understanding the greater scale of eco-
nomic costs may move national decision-makers and the global health
community beyond panic-neglect cycles in pandemic response finan-
cing toward (re-)building a resilient health workforce and more sus-
tainable, enduring pandemic preparedness, which includes adequate
protection of HCWs.

This study, therefore, estimates the economic costs of SARS-CoV-
2 infection in HCWs during the first year of the pandemic from the
societal perspective in four LMICs. COVID-19 among HCWs results in
enormous societal costs in these four countries. The economic costs of
secondary infections and disruptions in essential health service deliv-
ery constitute a significant share of the total economic burden.
Drawing on data from the first year of the COVID-19 pandemic, this
study highlights the importance of adequate infection prevention and
control measures to minimize the risk of SARS-CoV-2 infections among
HCWs in the early stages of any pandemic.
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Results

COVID-19 incidence among HCWs and COVID-19 cases and
deaths by pathway

Figure 1 shows the COVID-19 incidence among HCWs in comparison
with the general population in five sites. The COVID-19 incidence was
higher in HCWs than in the general population in all study sites—almost
10 times higher in Kenya and 7-8 times higher in the two provinces of
South Africa. Unlike other study sites, the COVID-19 incidence in HCWs
was only slightly higher than in the general population (50.2 vs. 44.7
per 1000 population) in Colombia, which has the highest HCW density,
comparatively. Supplementary Table 1 provides detailed information
on COVID-19 cases and deaths among HCWs and the general
population.

Table 1 shows the absolute number of SARS-CoV-2 infections and
associated deaths accounted for in each pathway. Compared with the
number of SARS-CoV-2 infections in HCWs, there were at least three
times as many secondary infections in people who were in close con-
tact with HCWs in all study sites except Colombia. Deaths due to
secondary infections were greater than HCW deaths due to primary
infection in every study site. There were more than 15 times as many
deaths due to secondary infection as deaths from COVID-19 in HCWs in
Western Cape province, South Africa. With respect to excess maternal
and child mortality in the setting of health care workforce disruptions,
there were an estimated 243 excess maternal deaths and 1499 excess
deaths in children under five in Kenya, the highest toll across all study
sites. Colombia had the second-highest number of excess maternal
and child deaths, while maternal death rates in Eswatini and both
provinces of South Africa were least affected by COVID-19-related
disturbances to the health care workforce.

Economic burden of SARS-CoV-2 infection in HCWs
Table 2 presents the economic costs associated with each pathway.
Costs accrued along Pathway 1 ranged from US$2.00 million in
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Fig. 1| SARS-CoV-2 infections among HCWs and across the general population

in five sites. It shows the incidence of COVID-19 in five sites among HCWs, in
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incidence rates. A ratio greater than one suggests a higher incidence among HCWs.
SA South Africa; WC Western Cape; KZN KwaZulu-Natal.

Nature Communications | (2023)14:2791



Article

https://doi.org/10.1038/s41467-023-38477-7

Table 1| SARS-CoV-2 infections and/or deaths by pathway

Kenya Eswatini Colombia SA-WC SA-KZN
Pathway 1
Number of SARS-CoV-2 infections in HCWs 3400 464 42,142 16,299
Number of COVID-19 deaths in HCWs 33 10 196 386
Pathway 2
The odds ratio of SARS-CoV-2 infection due to exposure to HCWs 7.21 4.63 1.32 6.71
Population attribution risk (PAR) 9.42% 14.20% 1.94% 13.90% 20.30%
Secondary infections due to SARS-CoV-2 infection in HCWs 9939 2607 43,786 69,331
Secondary deaths due to SARS-CoV-2 infection in HCWs 175 95 n77 211
Pathway 3
Maternal deaths 243.0 6.0 29.0 8.0
Deaths of children under 5 1499.0 34.0 235.0 206.0
The share of mild-moderate, severe, and critical COVID-19 cases was 81%, 14%, and 5%, respectively.
Table 2 | Estimated economic burden by each pathway in 2020 US$ millions (percentage)
Kenya Eswatini Colombia SA-WC SA-KZN
Pathway 1
Medical costs $2.79 (53.4%) $0.79 (39.5%) $65.64 (50.9%) $19.99 (22.5%) $32.22 (19.7%)
Non-medical costs $0.04 (0.8%) $0.01(0.5%) $1.44 (1.1%) $0.20 (0.2%) $0.32 (0.2%)
Indirect costs $2.39 (45.8%) $1.20 (60.0%) $61.82 (48.0%) $68.63 (77.3%) $130.93 (80.1%)

Subtotal $5.22 (100.0%) $2.00 (100.0%) $128.89 (100.0%) $88.82 (100.0%) $163.47 (100.0%)
Pathway 2

Medical costs $8.17 (54.6%) $4.46 (44.9%) $68.20 (28.1%) $81.38 (34.4%) $137.07 (39.8%)
Mon-medical costs $0.10 (0.7%) $0.06 (0.6%) $1.49 (0.6%) $0.81(0.3%) $1.36 (0.4%)

Indirect costs

$6.68 (44.7%)

$5.43 (54.6%)

$173.44 (71.3%)

$154.31(65.2%)

$206.36 (59.9%)

Subtotal $14.95 (100.0%) $9.94 (100.0%) $243.13 (100.0%) $236.50 (100.0%) $344.79 (100.0%)
Pathway 3

Cost of maternal deaths $12.00 (12.9%) $0.55 (12.9%) $5.37 (10.4%) $0.62 (4.9%) $1.19 (3.3%)
Cost of deaths in children under 5 $81.03 (87.1%) $3.70 (87.1%) $46.47 (89.6%) $11.98 (95.1%) $35.19 (96.7%)
Subtotal $93.03 (100.0%) $4.25 (100.0%) $51.84 (100.0%) $12.60 (100.0%) $36.38 (100.0%)
Total costs $113.20 $16.19 $423.86 $337.91 $544.64

Eswatini to US$163.47 million in KwaZulu-Natal province, South Africa,
alone, with a combined cost of US$252.29 million across both pro-
vinces in South Africa. Indirect costs comprised the largest share of
costs associated with HCW infections and deaths in Eswatini as well as
KwaZulu-Natal and Western Cape provinces in South Africa.

The total cost of secondary SARS-CoV-2 infections and related
deaths accrued via pathway 2 in Eswatini was US$9.94 million, US
$14.95 million in Kenya, and more than US$200 million for other study
sites. Indirect costs due to lost productivity among contacts of HCWs
with secondary infections—including people who either recovered or
died of COVID-19—account for about half of the total costs of the
secondary infections.

Maternal deaths were the least affected by HCW shortages in
Eswatini and both provinces of South Africa compared to Kenya and
Colombia. Kenya had the highest estimated economic loss of US
$93.03 million through Pathway 3 due to excess maternal and child
deaths. Colombia had the second-highest economic loss due to
maternal and child deaths, amounting to US$51.84 million in economic
losses.

The total economic burden of SARS-CoV-2 infections in HCWs
along all pathways and the estimated cost of each HCW infection,
including their 95% confidence intervals (Cls), are displayed in Table 3.
Economic losses ranged from US$16.19 (95% Cl: US$13.69-US$19.81)
million in Eswatini to US$544.64 (95% CI: US$504.99-US$590.72)

million in KwaZulu-Natal province, South Africa, alone. These losses, as
a share of total health expenditure, varied from 1.51% (95% CI:
1.39-1.68%) in Colombia to more than 8% of annual total health
expenditure in the two provinces of South Africa. The associated
economic burden in international dollars (I$) is presented in Supple-
mentary Table 2.

There were different patterns of economic costs across the three
pathways in the five study sites (Fig. 2). In Kenya, the costs of excess
maternal and child deaths resulting from SARS-CoV-2 infections
among HCWs (Pathway 3) represented the largest share of the total
economic loss (82.2%), while the costs associated with secondary
infections (Pathway 2) accounted for only 13.2% of the total economic
cost. In Eswatini, Colombia, and both Western Cape and KwaZulu-Natal
provinces of South Africa, where more than 5% of HCWs had SARS-
CoV-2 infections, the costs along Pathway 2 accounted for the majority
(57.4%-70.0%) of economic losses. In Colombia and both provinces of
South Africa, the costs of primary HCW infections made up nearly a
third of the total economic loss, while the economic costs associated
with excess maternal and child deaths were relatively less substantial.

Scenario and one-way sensitivity analysis

Table 4 presents the total economic burden of SARS-CoV-2 infection
among HCWs and the economic burden per HCW infection for both
low- and high-impact scenarios. In the low-impact scenario, the total
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Table 3 | Total economic burden, economic cost per SARS-CoV-2 infection in HCWSs, and their 95% Cls for the main analysis

with 10,000 iterations

Total economic loss (US$ Economic cost as a share Cost per SARS-CoV-2 infection (Total GDP/ capita  Ratio of cost per SAR-CoV-2

million) of total health cost/ number of SARS-CoV-2 infections in 2020 US$ infection among HCWs to

expenditure among HCWs) GDP/capita

Kenya $113.20 ($62.68-$190.34) 2.03% (1.12-3.41%) $33,619 ($18,616-$56,531) $1870 17.98 (9.95-30.23)
Eswatini $16.19 ($13.69-$19.81) 5.01% (4.24-6.13%) $35,659 ($30,158-$43,644) $3941 9.05 (7.65-11.07)
Colombia  $423.86 ($390.25-$470.31) 1.51% (1.39-1.68%) $10,105 ($9,304-$11,212) $6549 1.54 (1.42-1.71)
SA-WC $337.91($302.48-$377.02) 8.38% (7.50-9.35%) $33,781($30,238-$37,691) $5931 5.70 (5.10-6.35)
SA-KZN $544.64 ($504.99-$590.72) 8.21% (7.61-8.90%) $34,226 ($31,735-$37,122) $5931 5.77 (5.35-6.26)

The numbers in the parathesis show the 95% Cl of the estimate, respectively. SA South Africa; WC Western Cape; KZN KwaZulu-Natal. Total health expenditure in Western Cape and KwaZulu-Natal

was estimated based on the share of the population in the two provinces.

100%
3.73% 6.68%
12.23%)
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80% |
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40%
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12.37%)
0,
0% 4.61%
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OCost of infections to HCWs O Cost of secondary infections O0Cost of maternal and child deaths

Fig. 2 | Relative contribution of each pathway to the total economic cost of
SARS-CoV-2 infection in HCWs in five study sites. It illustrates the share of the

total economic burden attributable to each pathway in five sites. SA South Africa;
WC Western Cape; KZN KwaZulu-Natal.

economic losses ranged from US$11.58 million in Eswatini to US
$471.96 million in KwaZulu-Natal province, South Africa, while these
costs were US$23.21 million and US$633.22 million, respectively, in the
high-impact scenario. As a share of total health expenditure, the eco-
nomic losses ranged from 0.64% in Kenya to 7.11% in KwaZulu-Natal
province, South Africa, in the low-impact scenario. In the high-impact
scenario, economic losses as a share of total health expenditure were
1.82% in Colombia and up to 9.89% in Western Cape province, South
Africa.

One-way sensitivity analysis shows the percentage change from
the total economic costs we calculated when four parameters were
adjusted (Supplementary Fig. 1). Kenya was most sensitive to variations
in the parameters used to cost Pathway 3, while the South African
provinces were most sensitive to variations in the proportion of inpa-
tients considered close contacts of infected HCWs. The extent to which
HCW productivity was impacted by SARS-CoV-2 infection substantially
affected the estimated results in Eswatini and even more so in Kenya.
The estimated cost along Pathway 3 in Kenya varied from 40.6% lower
to 40.6% higher than the main analysis depending on this variable.

Discussion

In this analysis, we have modeled the economic costs associated with
SARS-CoV-2 infection in HCWs in the first year of the pandemic in three
countries and two provinces of a fourth as they were incurred along
three pathways. Unsurprisingly, SARS-CoV-2 infection in HCWs resul-
ted in enormous societal costs, especially in settings where HCWs
experienced disproportionately high rates of SARS-CoV-2 infection
compared to the general population. Our findings corroborate other
reports of higher SARS-CoV-2 infection rates in HCWs compared to the
general population from all income settings and regions>. Sites in
this study with substantial differences in the SARS-CoV-2 infection rate
between HCWs and the general population bore the greatest financial
toll as a percentage of total public health expenditure, with a societal
‘price’ per HCW infection that is several times higher than the per
capita GDP. The economic costs associated with SARS-CoV-2 infection
in HCWs are preventable if infectious risks to HCWs are mitigated
upfront by working towards safer health facilities with full imple-
mentation of infection prevention and control (IPC) measures and
water, sanitation, and hygiene (WASH) standards. There are robust IPC
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standards and extensive normative occupational health guidance™™,
reiterated by World Health Assembly resolution A74/A/CONF./6.
Increased and coordinated investments in IPC training, supplies
(including PPE), and monitoring—as well as adequate WASH facilities—
are needed to support the full implementation of IPC guidance;
implementation research may also help in this regard.

When HCWs are infected with SARS-CoV-2 (or other infectious
pathogens), the health and economic impacts of those infections go
far beyond the individual health and livelihoods of those HCWs.
Although the cost of primary SARS-CoV-2 infection and related deaths
in HCWs is not insignificant, the scale of economic losses mostly
reflects onward infectious transmission from infected HCWs and dis-
ruptions in essential maternal and child health services as a result of
HCW illness, isolation, or death. The extensive economic costs asso-
ciated with disruptions in essential services estimated here are con-
sistent with previous research documenting the sizable costs
associated with HCW shortages in LMICs'®", For example, the shortage
of HCWs in LMICs due to the ongoing migration of physicians from
LMIC:s to high-income countries is associated with an annual cost of US
$15.86 billion as a result of mortality among children and pregnant
women'®, Additionally, a modeling study on the impact of the COVID-
19 pandemic estimated that even small reductions in the availability of
HCWs (for any reason), supplies as well as both demand for and access
to health care would compromise a range of essential services and
result in 24,400 additional maternal deaths and 417,000 additional
child deaths per year globally". These estimates not only demonstrate
the need to closely monitor infection rates in HCWs during epidemics
and pandemics but also highlight the importance of quantifying the
economic costs of HCW infections and communicating the economic
consequences of HCW infections effectively to the public.

Our modeled results show that maternal and child deaths due to
compromised health service delivery contribute to a significant share
of the total economic losses stemming from SARS-CoV-2 infections in
HCWs. Countries with high rates of maternal and child mortality and
inadequate human resources for health are likely to be vulnerable to
even small changes in the health care workforce. Most maternal and
child deaths are avoidable, and excess maternal and child deaths due
to service disruptions are tragic reversals of earlier progress®. Of the
countries and provinces included in this study, Eswatini and Kenya had
the highest pre-pandemic under-five mortality rate (USMR) and
maternal mortality rate (MMR), and our cost estimates in Kenya and
Eswatini were sensitive to the USMR and MMR elasticities relative to
HCW density as well as changes in productivity for HCWs remaining in
post. In countries with high USMR and MMR, there may be fewer other
stopgaps in place to prevent unnecessary deaths when the health care
workforce is (further) compromised. As maternal and child health
services seem to be particularly sensitive to workforce disruptions
during public health emergencies, dedicated measures to safeguard
maternal and child health in countries with high baseline maternal and
child mortality rates are critical. These might include task-shifting or
bolstering child health with interventions that do not depend on HCW
density”. Countries in this study implemented different measures to
mitigate essential health service disruptions. Colombia developed a
pandemic containment plan which included human resource retention
strategies”, and new HCWs were hired in Kenya'’s public sector”. The
high costs incurred by excess maternal and child mortality highlight
the importance of both protecting HCWs from infection and adopting
other strategies to safeguard services that are sensitive to HCW
density.

We have specifically considered the detrimental impact of SARS-
CoV-2 infection among HCWs on the delivery of essential maternal and
child health services, although many health services have been dis-
rupted by the COVID-19 pandemic. Disruptions in maternal and child
health services occurred in the first year of the COVID-19 pandemic for
many reasons other than HCW infection, including, but not limited to,
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decisions to suspend or reduce certain services or facilities; public
health measures such as movement restrictions to ‘flatten the curve’ of
SARS-CoV-2 infections; the surging volume of patients with suspected
or confirmed COVID-19 in some settings or, elsewhere, sharp declines
in patient attendance (for fear of infection or as a result of movement
restrictions); supply chain interruptions; and HCW redeployment away
from preventive to acute care services. All these factors contributed to
a substantial increase in maternal and child deaths during the COVID-
19 pandemic'®. While HCW infections are not the only variable affecting
service delivery, they can acutely worsen health outcomes by exacer-
bating already severe workforce shortages.

The COVID-19 pandemic has again spurred countries and the
global development community to invest in and prioritize building
resilient health systems?. Resilient health systems can adapt public
health functions to mount a timely response to an infectious threat
while protecting HCWs in order to preserve essential health service
delivery. The economic cost of SARS-CoV-2 infections in HCWs as a
percentage of total health expenditure was highest in the four study
sites with the lowest HCW density. Efforts to maintain and adequately
protect the health workforce during public health emergencies are,
therefore, integral to strategies to strengthen health systems’ resi-
lience. All aspects of human resource production, deployment, and
compensation should be oriented toward fortifying the health care
workforce. Well-developed hazard compensation policies, for exam-
ple, in Vietnam®, demonstrate a recognition of the importance of
maintaining an adequate health care workforce in times of crisis.
Deployment of the health workforce during a crisis must be accom-
panied by comprehensive measures to support HCWs, including
physical protection, psychological support, and child/family support.
Many of these measures were implemented in various countries during
the COVID-19 pandemic and require institutionalization*. Given the
importance of HCWs for implementing public health emergency
responses—and the ways in which lower HCW density can compromise
essential health services—policies to attract, retain, and motivate
qualified HCWs should be placed at the center of building more resi-
lient health systems in LMICs.

The enormous economic cost associated with SARS-CoV-2 infec-
tions in HCWs as well as the moral imperative to protect HCWs during
infectious outbreaks, demand accountability from governments, with
guidance from WHO and adequate financing. While many countries
adopted various strategies to protect HCWs during the pandemic and
allocated resources to address the gaps and challenges* 2%, a holistic
approach to protecting HCWs is needed. In addition to building and
maintaining a core health care workforce, governments are respon-
sible for mobilizing and allocating resources to protect health workers,
ensuring proper use of these resources, and being accountable for the
results.

Unlike many economic burdens of disease studies, which estimate
the overall economic burden of a disease”*°, we teased out the eco-
nomic burden specifically attributable to SARS-CoV-2 infections in
HCWs, which is one of the strengths of this study. Whereas this
represents a fraction of the overall economic burden of the COVID-19
pandemic, the results of this modeling study are consistent with pre-
vious estimates of economic costs attributable to HCW infections, ill-
ness, and deaths in an infectious outbreak. For example, the economic
burden due to HCW deaths and disruptions in health service delivery
due to reduced HCW supply was estimated to be nearly double the
costs of Ebola-related deaths in the 2014 Ebola virus disease
outbreak®.

The costs presented in this paper are likely to be conservative
estimates of the cost to society of SARS-CoV-2 infections in HCWs for
several reasons. First, it is likely that SARS-CoV-2 infections, related
illnesses, and deaths were underreported. Under-reporting is common
for infectious diseases generally, but challenges in accurately report-
ing SARS-CoV-2 infections and deaths are well recognized, including

poor access to diagnostic tests in the first year of the pandemic, limited
testing capacity, and inability to determine causality in the event of
death®. Second, SARS-CoV-2 infections and related illnesses and
deaths among HCWs are likely to have longer-term impacts on the
health workforce pipeline that we did not attempt to capture. Third,
we did not include SARS-CoV-2 infections in community health work-
ers (CHWs) in this analysis because the five study sites lacked adequate
data on both SARS-CoV-2 infection rates and the size of the CHW
workforce. Economic losses would have been higher if CHWs were
included in the analysis, especially in countries such as Kenya, Eswatini,
and South Africa, where CHWs play an important role in health care
delivery. Finally, we focused on three pathways through which HCW
infections incur economic costs. While these pathways likely comprise
the most important sources of economic losses, we were not able to
quantify (1) the costs associated with worse health outcomes beyond
excess maternal and child mortality, especially with respect to non-
communicable diseases, which are prevalent; (2) nor does this analysis
include the cost of training HCWs to replace those who are no longer
working or alive as a result of SARS-CoV-2 infection; and (3) this study
does not account for the costs associated with the mental health
impacts of COVID-19 on HCWs or other long-term sequelae of infection
such as long COVID*.

Please note that all estimates presented in this paper pertain to
the first year of the pandemic when there were substantial shortages of
PPE, COVID-19 vaccination coverage among both the general popula-
tion and HCWs was extremely low, and the capacity of health systems
in some countries to respond to COVID-19 was quite limited. All these
factors contributed to the potentially high economic costs presented
in this paper. Since then, many circumstances have improved. With
reduced virulence of the virus, much greater vaccine coverage, and
enhanced treatment and testing capacities, the economic burden of
HCW infections in subsequent years is likely to be substantially lower.

Several limitations of this study should be acknowledged. First,
this study does not use an infectious disease transmission model to
estimate the secondary infections from infected HCWs in each coun-
try. Instead, we estimated the odds ratio of infection for close contacts
of HCWs based on an epidemiological study in a high-income country
and used a log-linear regression to adjust for the difference in the
relative risks faced by HCWs in each country. Further epidemiological
research is likely to enable the global public health community to
estimate the risk of SARS-CoV-2 transmission more precisely in dif-
ferent settings.

Second, data on SARS-CoV-2 infection and associated deaths in
HCWs for the two sites in South Africa do not include data from the
private sector. Data from the other study sites represent composite
information from both the public and private sectors. If infections and
deaths occurring in the private sector in Western Cape and KwaZulu-
Natal provinces were included in this analysis, the economic costs
would be even higher for Pathway 1. Limited evidence from Saudi
Arabia suggests that SARS-CoV-2 infection rates may be similar
between public and private facilities*. Assuming this is also true for the
five sites in this study, the economic costs along Pathways 2 and 3
would not significantly vary. In this study, we do not extrapolate
findings from the two provinces in South Africa to other provinces or
to the whole country. However, it is important to understand the dif-
ferences in the socio-economic (e.g., wages of HCWs) and health sys-
tem situation (e.g., HCW density, MMR, and USMR) between the two
provinces and the whole country for any effort to use the parameters
from the two provinces to estimate the economic burden for South
Africa as a whole. While the model’s estimates provide the total eco-
nomic burden for each site, they don’t account for variations within
countries or individual sites. This is because the parameters used in the
model represent site averages.

Third, some data were not available at the study sites. Thus, we
had to make assumptions or draw from published literature from
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Fig. 3 | Pathways from SARS-CoV-2 infection in HCWs to the economic cost. It summarizes the three pathways through which the SARS-CoV-2 infection in HCWs

incurred costs.

neighboring countries. Taking the cost per meal and cost of travel in
Eswatini as an example, we used the analogous prices for South Africa
as proxies when calculating direct non-medical costs. These inac-
curacies are not likely to substantively change our results as we used
the best available data to substitute for missing figures.

Fourth, some costs were not fully captured in the model. For
example, estimating indirect costs due to loss of income would benefit
from a more accurate rate of long-term absenteeism and the cost of
HCW replacement. In this study, these costs are not included because
data on the rates of long-term absenteeism are lacking. Additionally,
the cost of presenteeism is not fully estimated. We assumed a 10%
reduction in productivity among HCWs not infected (or not known to
be infected) with the SARS-CoV-2 virus. However, the costs due to
burnout and mental health impacts in HCWs are not included. Thus,
the overall economic burden may be underestimated.

Fifth, in estimating potential service disruptions due to iliness and
deaths in HCWs, we did not account for steps that countries took to
mitigate the impact of COVID-19 on their health workforce. Kenya
hired more HCWs in the public sector®, for example, and Colombia
accelerated the validation of foreign qualifications and deployed
medical students and graduates®. The impact of these actions on the
estimated economic burden depends on the degree to which they
actually boosted the health workforce in practice.

Finally, we could not precisely calculate the change in the pro-
ductivity of HCWs who remained in their post in the first year of the
COVID-19 pandemic. Productivity could vary by the number of col-
leagues absent, the number of deaths in HCW colleagues or family
members, mental health status, the presence of post-covid symptoms,

and changes in patient demand. Instead, we assumed that all these
factors reduced the overall productivity by an estimated 10% based on
a prior study". The sensitivity analysis shows that results from Kenya
are sensitive to this assumption. Even under the low-impact scenario,
which utilizes a 5% decrease in productivity, this still translates to US
$10,641 lost per HCW infection, 5.7 times higher than per capita GDP.

Methods

Analysis framework

We developed a framework that lays out the major pathways through
which SARS-CoV-2 infections in HCWs lead to population-wide mor-
bidity and mortality based on a review of the literature regarding the
health and economic impacts of SARS-CoV-2 infection in HCWs!*'23%35,
To quantify the economic burden of COVID-19 attributable to HCW
infections, we followed the traditional COI approach to translate
morbidity and mortality into the economic burden on the
society' (Fig. 3).

The framework focuses on three pathways: (1) The first pathway
accounts for the cost associated with primary SARS-CoV-2 infections
and deaths among HCWs. HCWs in this study were defined as those
who work in health institutions with professional health-related posi-
tions, including physicians, nurses, lab technicians, and health
administrators. They did not include cleaners, drivers, or community
health workers. Direct medical costs, direct non-medical costs (e.g.,
meals and transportation), and indirect costs associated with lost
productivity due to illness and deaths were captured using the COI
approach; (2) The second pathway accounts for the costs of secondary
SARS-CoV-2 infections transmitted by infected HCWs and related
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deaths. The same types of costs were estimated as in the first pathway;
and (3) The third pathway encompasses the economic cost of excess
deaths due to conditions other than COVID-19 as a result of health care
workforce disruptions (e.g., absenteeism and reduced productivity
due to stress, fatigue or missing essential team members). Although
many services (e.g., cancer care, dialysis, and surgical treatment) have
been affected by disruptions in the health workforce, this study
focused on the impact of HCW infections on maternal and child
mortality since the relationship between variations in the health
workforce and maternal and child mortality is more established. Eco-
nomic costs were estimated using lost human capital and lost years of
economic productivity due to premature deaths of pregnant women
and children under five years old. We estimated the economic costs
incurred due to HCW infections during the first year of the COVID-19
pandemic. The study period was between March 1, 2020, and February
28, 2021, the first year of the pandemic in the five sites.

Estimating infections and deaths under each pathway

Pathway 1. The number of known SARS-CoV-2 infections (sympto-
matic or not)—described here sometimes as COVID-19 cases—and
related deaths in HCWs was collected through primary data collec-
tion. Each country research team liaised with national or provincial
health authorities in charge of statistics on COVID-19 epidemiology
and human resources for health to collect the data on SARS-CoV-2
infections and related deaths in the population and among HCWs in
the study period, as well as the populations of various HCWs in the
country/provinces. The numbers of SARS-CoV-2 infections and
deaths among HCWs in each site are presented in the results section
(Table 1).

Pathway 2: Close contacts of HCWs tend to have higher odds of
infection with SARS-CoV-2 and of subsequent admission to hospitals*.
The number of people with secondary infections due to transmission
from an infected HCW was estimated by applying the concept of
population-attributable risk (PAR), the proportion of SARS-CoV-2
infections in the general population that was attributable to close
contact with an infected HCW in each study site. In this study, we
defined close contacts as HCWs’ household members and patients
admitted to hospitals for inpatient care. We assumed 20% of inpatients
were close contacts of HCWs in the main analysis, based on the contact
intensity and the use of personal protective equipment (PPE) of HCWs
when interacting with inpatients compared to that when interacting
with their family members. The number of secondary infections was
estimated to be the product of total SARS-CoV-2 infections and PAR,
and the number of deaths due to secondary infections was estimated
to be the product of the number of secondary infections and the case
fatality rate in each site. PAR was calculated using the following for-
mula:

_ EXOR, -1
PAR:= E*(OR; —1)+1 ®

where i refers to site i, E is the share of the population considered to be
close contacts of HCWs, and OR is the odds ratio of being diagnosed
with COVID-19 due to the exposure to HCWs. Supplementary Methods
present the detailed approach to derive E and OR.

Pathway 3: To estimate the additional child deaths resulting from
health workforce disruptions as a result of SARS-CoV-2 infections and
deaths in HCWs and productivity reduction among HCWs who
remained on duty, we first converted the duration of HCW absence
from work and the associated reduction in productivity into a decrease
in HCW density. For HCWs who were not infected with SARS-CoV-2, we
assumed a 10% reduction in their working productivity absent essential
team members in the main analysis, using the same assumption as
Roberton in the main analysis”. We estimated the resulting change in
the USMR based on its elasticity relative to HCW density*® and, from

this, calculated additional deaths in children under five years old. We
applied the same method to estimate excess maternal deaths, using
the MMR and its elasticity relative to HCW density.

Cost estimation

Once we estimated the number of infections and deaths in each
pathway, we then applied the COl approach to estimate various costs.
Direct cost estimation applied to all COVID-19 cases in Pathways 1and
2 (whether people survived or died of the infection). The medical
costs were estimated as the product of treatment cost per case and
the number of cases by disease severity (e.g., mild-moderate, severe,
and critical cases). The share of mild-moderate, severe, and critical
cases was estimated to be 81%, 14%, and 5%, respectively®”’, and we
assumed that 80% of mild-moderate cases had home care while 20%
of them received facility-based care. The non-medical costs of HCW
infections included travel and meal costs while seeking or receiving
facility-based care. As with the estimation of the direct medical costs,
the direct non-medical costs were estimated as the sum of the pro-
duct of the unit cost of travel and meals and the number of trips and
meals across different severity levels of COVID-19 disease. For those
who were infected with SARS-CoV-2 and survived, the indirect costs
of their illness were estimated using the human capital approach for
the period when they couldn’t work due to COVID-19 disease (the
product of their average daily wages and duration of absence from
work). The average wages of HCWs were obtained from the literature
or national agencies, while the average duration of absence
(16.44 days) was obtained from the literature'. For those who died of
COVID-19, we estimated the productivity losses associated with
premature death. Gross Domestic Product (GDP) per capita in each
country was used as a proxy for annual productivity loss***’, as the
detailed age distribution and labor participation of those who died of
COVID-19 were unknown. We estimated the number of productive
years lost based on life expectancy at the age of death, according to
the Global Health Observatory*°. A discount rate of 3% was applied
when estimating future productivity loss. All the costs were esti-
mated in 2020 US dollars (US$).

Site selection

Taking into consideration study feasibility and the importance of
demonstrating the economic cost of HCW infection in a variety of
settings, we included five study sites: Kenya, Eswatini, Colombia, and
Western Cape and KwaZulu-Natal provinces of South Africa. The five
sites were selected primarily based on data availability. In South Africa,
we selected KwaZulu-Natal and Western Cape provinces because
national aggregates were not available for South Africa, and these two
provinces accounted for 40% of the national COVID-19 burden by
February 2021. The study sites had diverse profiles with respect to their
overall demographics, HCW density, SARS-CoV-2 infection rates, and
COVID-19 mortality rates in both HCWs and the general population
(Supplementary Table 3).

Data sources

To estimate the costs of HCW infections according to the metho-
dology described above, we used a mix of data sources: (a) primary
data collection, in which the World Bank country offices obtained
and verified data provided by national authorities on SARS-CoV-2
infection in HCWs and their outcomes (i.e., survival or death) in the
first year of the pandemic, as well as average HCW income by pro-
fession to the extent possible; (b) World Development Indicators on
country demographics, macroeconomic figures (e.g., GDP per capita)
and health sector indicators (e.g., total health expenditure, total
government health expenditure, hospital admission rates, under-five
mortality rate, maternal mortality rate)*; (c) the Johns Hopkins Uni-
versity database on SARS-CoV-2 infections and deaths in the general
population*’; (d) peer-reviewed journal publications or gray
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Table 5 | Values of four parameters in each scenario

Share of inpatients who are close
contacts of HCWs (pathway 2)

Reduction in HCW productivity due to
SARS-CoV-2 infection (pathway 3)

Elasticities of maternal and under-five
mortality rates (pathway 3)

Low impact scenario 10% 5%

Mean +1.96*SD

Moderate impact scenario 20% 10%

(Main analysis)

Mean

High impact scenario 30% 15%

Mean -1.96*SD

SD standard deviation.

literature for other key parameters such as treatment cost per case,
the composition of cases by severity level, length of stay in a medical
facility, duration of absence from work; (e) the research team’s own
assumptions; and (f) parameter extrapolation from known sources,
such as treatment costs for COVID-19 cases with various severity
levels. Kenya was the only study site with an estimated treatment cost
for home care for mild-moderate cases of COVID-19. Thus, the ratio
of the treatment cost for home care to that for facility care among
mild-moderate cases in Kenya was used to extrapolate the treatment
cost of home care in other study sites. Similarly, if there were other
unknown treatment costs in other sites, the corresponding cost
ratios in Kenya were used to estimate the costs. Supplementary
Tables 4-8 provide additional detail on all data sources and
assumptions used for each study site.

Scenario and sensitivity analysis

We created three scenarios based on different combinations of values
in four parameters which are critical to final cost estimates and more
likely subject to a range instead of fixed-point estimates: (1) the share
of inpatients considered to be close contacts of HCWs; (2) the extent to
which SARS-CoV-2 infection reduced health care workforce pro-
ductivity; (3) the elasticity of MMR relative to HCW density; and (4) the
elasticity of USMR relative to HCW density. Table 5 shows the value of
these 4 indicators in low, moderate, and high-impact scenarios. We
used the moderate impact scenario for the main analysis and pre-
sented all findings under this scenario. We further conducted one-way
sensitivity analyses of these four parameters by varying them from the
low-impact value to the high-impact value individually and examined
how they affect economic costs, reported as percentage changes from
the main analysis.

To obtain 95% Cls for the moderate-impact scenario, we per-
formed a stochastic sensitivity analysis on these four parameters and
the treatment costs of COVID-19 cases with different severity levels.
We used beta distribution for the share of inpatients considered
close contacts of HCWs and the reduction in the health workforce
productivity, with standard deviations assumed to be 20% of the
means. Beta distribution was also applied to the elasticities of MMR
and USMR, with standard deviations obtained from the literature’.
We used gamma distribution for treatment costs with standard
deviations assumed to be 20% of the means*, as their standard
deviations were not available. The cost of meals and travel was not
included in the stochastic sensitivity analysis, given their small share
in the total economic burden. The 2.5 percentile and 97.5" per-
centile were obtained after we ran 10,000 iterations for these para-
meters, as the 95% Cls. All the simulations and analyses were
performed using R (version 4.2.2).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data on COVID-19 cases and deaths were reported in the results
section, while the key parameters used for estimating the associated

economic burden were reported in Supplementary Tables 4-8. The
data are also available at https://github.com/wuzengcn/HRH and
https://doi.org/10.5281/zenodo.7856086.

Code availability
The code used for this study is available at the following public GitHub
repository: https://github.com/wuzengcn/HRH and https://doi.org/10.
5281/zenodo.7856086.

References

1. Jo, C. Cost-of-illness studies: concepts, scopes, and methods. Clin.
Mol. Hepatol. 20, 327-337 (2014).

2. Frieden, T. R. & Lee, C. T. Identifying and interrupting super
spreading events-implications for control of severe acute respira-
tory syndrome coronavirus 2. Emerg. Infect. Dis. 26,

1059-1066 (2020).

3.  World Health Organization. Pulse Survey on Continuity of Essential
Health Services During the COVID-19 Pandemic: Interim Report.
(World Health Organization, Geneva, Switzerland, 2020).

4. Fox, L. et al. Association between COVID-19 burden and delays to
diagnosis and treatment of cancer patients in England. J. Cancer
Policy 31, 100316 (2022).

5. Shapira, G. et al. Disruptions in maternal and child health service
utilization during COVID-19: analysis from eight sub-Saharan Afri-
can countries. Health Policy Plan 36, 1140-1151 (2021).

6. Aranda, Z. et al. Disruptions in maternal health service use during
the COVID-19 pandemic in 2020: experiences from 37 health
facilities in low-income and middle-income countries. BMJ Glob.
Health 7, e007247 (2022).

7. World Health Organization. Global Strategy on Human Resources
for Health: Workforce 2030. (World Health Organization, Geneva,
Switzerland, 2016).

8. Yeyati, E.L. & Filippini, F. Social and Economic Impact of COVID-19.
(Brookings Institute, Washington, DC, 2021).

9. Hanly, P., Ahern, M., Sharp, L., Ursul, D. & Loughnane, G. The cost of
lost productivity due to premature mortality associated with
COVID-19: a Pan-European study. Eur. J. Health Econ. 23,

249-259 (2022).

10. Faramarzi, A., Javan-Noughabi, J., Tabatabaee, S. S., Najafpoor, A. A.
& Rezapour, A. The lost productivity cost of absenteeism due to
COVID-19in health care workers in Iran: a case study in the hospitals
of Mashhad University of Medical Sciences. BMC Health Serv. Res.
21, 1169 (2021).

1.  Maltezou, H. C. et al. Costs associated with COVID-19 in healthcare
personnel in Greece: a cost-of-illness analysis. J. Hosp. Infect. 114,
126-133 (2021).

12. Gholami, M. et al. COVID-19 and healthcare workers: a systematic
review and meta-analysis. Int. J. Infect. Dis. 104, 335-346
(2021).

13. Nguyen, L. H. et al. Risk of COVID-19 among front-line health-care
workers and the general community: a prospective cohort study.
Lancet Public Health 5, e475-e483 (2020).

14. Gomez-Ochoa, S. A. et al. COVID-19 in health-care workers: a living
systematic review and meta-analysis of prevalence, risk factors,

Nature Communications | (2023)14:2791


https://github.com/wuzengcn/HRH
https://doi.org/10.5281/zenodo.7856086
https://github.com/wuzengcn/HRH
https://doi.org/10.5281/zenodo.7856086
https://doi.org/10.5281/zenodo.7856086

Article

https://doi.org/10.1038/s41467-023-38477-7

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

clinical characteristics, and outcomes. Am. J. Epidemiol. 190,
161-175 (2021).

World Health Organization. Mininum Requirements for Infection
Prevention and Control Programmes. (World Health Organization,
Geneva, Switzerland, 2019).

World Health Organization. Guidelines on Core Components of
Infection Prevention and Control Programmes at the National and
Acute Health Care Facility Level. (World Health Organization, Gen-
eva, Switzerland, 2016).

World Health Organization and International Labour Organization.
Occupational Safety and Health in Public Health Emergencies: A
Manual for Protecting Health Workers and Responders. (World
Health Organization, Geneva, Switzerland, 2018).

Saluja, S., Rudolfson, N., Massenburg, B. B., Meara, J. G. & Shrime,
M. G. The impact of physician migration on mortality in low and
middle-income countries: an economic modelling study. BMJ Glob.
Health 5, e001535 (2020).

Roberton, T. et al. Early estimates of the indirect effects of the
COVID-19 pandemic on maternal and child mortality in low-income
and middle-income countries: a modelling study. Lancet Glob.
Health 8, e901-e908 (2020).

Chmielewska, B. et al. Effects of the COVID-19 pandemic on
maternal and perinatal outcomes: a systematic review and meta-
analysis. Lancet Glob. Health 9, e759-e772 (2021).

Lickness, J. et al. COVID-19 mitigation measures to maintain access
to essential health services: new opportunities with long-term
benefits. Pan Afr. Med. J. 40, 254 (2021).

The Pan American Health Organization. Impact of COVID-19 on
Human Resources for Health and Policy Response: the Case of
Plurinational State of Bolivia, Chile, Colombia, Ecuador and Peru.
(The Pan American Health Organization, Washington, DC, 2021).
Berbling, D. Kenya to Hire 6,000 Health Workers to Fight Virus
Pandemic. https://www.bloomberg.com/news/articles/2020-04-
02/kenya-to-hire-6-000-health-workers-to-fight-virus-pandemic?
leadSource=uverify%20wall (2020).

Haldane, V. et al. Health systems resilience in managing the COVID-19
pandemic: lessons from 28 countries. Nat. Med. 27, 964-980 (2021).
Lotova, E. & Samuel, P. Overtime Regulations and Compensation in
Vietnam. https://www.vietnam-briefing.com/news/overtime-
regulations-compensation-vietnam.html/ (2021).

Adams, J. G. & Walls, R. M. Supporting the Health Care Workforce
During the COVID-19 Global Epidemic. J. Am. Med. Assoc. 323,
1439-1440 (2020).

Randremanana, R. et al. Institut Pasteur International Network’s
efforts to guide control measures against the coronavirus disease
2019 (COVID-19) epidemic among healthcare workers in Africa. Int.
J. Infect. Dis. 103, 525-526 (2021).

Dzau, V. J., Kirch, D. & Nasca, T. Preventing a parallel pandemic—a
National Strategy to Protect Clinicians’ Well-Being. N. Engl. J. Med.
383, 513-515 (2020).

Huber, C., Finelli, L. & Stevens, W. The economic and social burden
of the 2014 Ebola outbreak in West Africa. J. Infect. Dis. 218,
S$698-5704 (2018).

Shepard, D. S., Undurraga, E. A., Halasa, Y. A. & Stanaway, J. D. The
global economic burden of dengue: a systematic analysis. Lancet
Infect. Dis. 16, 935-941 (2016).

Alwan, N. A. Surveillance is underestimating the burden of the
COVID-19 pandemic. Lancet 396, e24 (2020).

Walton, M., Murray, E. & Christian, M. D. Mental health care for
medical staff and affiliated healthcare workers during the COVID-19
pandemic. Eur. Heart J. Acute Cardiovasc. Care 9, 241-247 (2020).
Al Bujayr, A. A., Aljohar, B. A., Bin Saleh, G. M., Alanazi, K. H. & Assiri,
A. M. Incidence and epidemiological characteristics of COVID-19

among health care workers in Saudi Arabia: a retrospective cohort
study. J. Infect. Public Health 14, 1174-1178 (2021).

34. Shah, A. S. V. et al. Risk of hospital admission with cor-
onavirus disease 2019 in healthcare workers and their
households: nationwide linkage cohort study. Br. Med. J. 371,
m3582 (2020).

35. Bandyopadhyay, S. et al. Infection and mortality of healthcare
workers worldwide from COVID-19: a systematic review. BMJ Glob.
Health 5, e003097 (2020).

36. Anand, S. & Barnighausen, T. Human resources and health out-
comes: cross-country econometric study. Lancet 364,

1603-1609 (2004).

37. Liu, D. et al. Risk factors for developing into critical COVID-19
patients in Wuhan, China: a multicenter, retrospective, cohort
study. EClinicalMedicine 25, 100471 (2020).

38. Ding, D. et al. The economic burden of physical inactivity: a global
analysis of major non-communicable diseases. Lancet 388,
1311-1324 (2016).

39. Bommer, C. et al. The global economic burden of diabetes in adults

aged 20-79 years: a cost-of-illness study. Lancet Diabetes Endocri-

nol. 5, 423-430 (2017).

World Health Organization. The Global Health Observatory:

Life Tables. (World Health Organization, Geneva, Switzerland,

2021).

41. World Bank. World Development Indicators. https://databank.
worldbank.org/source/world-development-indicators (2022).

42. Johns Hopkins University. COVID-19 Dashboard. https://
coronavirus.jhu.edu/map.html (2021).

43. Bartsch, S. M., Gorham, K. & Lee, B. Y. The cost of an Ebola case.
Pathog. Glob. Health 109, 4-9 (2015).

40.

Acknowledgements
We are indebted to Mukesh Chawla from the World Bank for guiding the
development of the costing framework.

Author contributions

H.W., M.C., A.M., M.B., and C.T.L. conceptualized the study; H.W., W.Z.,
and M.C. developed the methodology; H.W., W.Z., KM.K, J.JK.R., J.K,
S.G., S.M,, LE.S., J.C., J.V., and T.M. collected data; W.Z. and H.W.
conducted data analysis; W.Z., J.J.K.R., HW., A.M., M.B., and C.T.L. wrote
the first draft of the paper, and all authors contributed to the critical
review and revision of the paper.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-38477-7.

Correspondence and requests for materials should be addressed to Wu
Zeng.

Peer review information Nature Communications thanks Paul Hanly,
Elisa Sicuri, and the other anonymous reviewer(s) for their contribution
to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Nature Communications | (2023)14:2791

10


https://www.bloomberg.com/news/articles/2020-04-02/kenya-to-hire-6-000-health-workers-to-fight-virus-pandemic?leadSource=uverify%20wall
https://www.bloomberg.com/news/articles/2020-04-02/kenya-to-hire-6-000-health-workers-to-fight-virus-pandemic?leadSource=uverify%20wall
https://www.bloomberg.com/news/articles/2020-04-02/kenya-to-hire-6-000-health-workers-to-fight-virus-pandemic?leadSource=uverify%20wall
https://www.vietnam-briefing.com/news/overtime-regulations-compensation-vietnam.html/
https://www.vietnam-briefing.com/news/overtime-regulations-compensation-vietnam.html/
https://databank.worldbank.org/source/world-development-indicators
https://databank.worldbank.org/source/world-development-indicators
https://coronavirus.jhu.edu/map.html
https://coronavirus.jhu.edu/map.html
https://doi.org/10.1038/s41467-023-38477-7
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41467-023-38477-7

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:2791


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Modelling the economic burden of SARS-CoV-2 infection in health care workers in four countries
	Results
	COVID-19 incidence among HCWs and COVID-19 cases and deaths by pathway
	Economic burden of SARS-CoV-2 infection in HCWs
	Scenario and one-way sensitivity analysis

	Discussion
	Methods
	Analysis framework
	Estimating infections and deaths under each pathway
	Cost estimation
	Site selection
	Data sources
	Scenario and sensitivity analysis
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




