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Abstract

Disruptions in routine immunization caused by COVID-19 put African countries with large vaccine-
preventable disease burdens at high risk of outbreaks. Abbas et al. (2020) showed that mortality
reduction from resuming immunization outweighs excess mortality from COVID-19 caused by
exposure during immunization activities. We leverage these estimates to calculate benefit-cost ratios
(BCRs) of disrupted immunization and apply cost of illness (COI) and value of statistical life-year
(VSLY) approaches to estimate the cost of excess child deaths from eight vaccine-preventable
diseases. BCRs were computed for each country, vaccine, and Expanded Program on Immunization
visit. Secondary estimates that include the cost of providing immunization are presented in scenario
analysis. Suspended immunization may cost $4949 million due to excess mortality using the COI
approach, or $34,344 million using the VSLY approach. Likewise, excess COVID-19 deaths caused
by exposure from immunization activities would cost $53 and $275 million using the COI and VSLY
approaches, respectively. BCRs of continuing routine immunization are 94:1 using COI and 125:1
using VSLY, indicating that the economic costs of suspending immunization exceed that of COVID-
19 deaths risked by routine immunization. When including the costs of providing routine immuniza-
tion during the COVID-19 pandemic, the BCRs are 38:1 and 97:1 using the COI and VSLY
approaches, respectively.

1. Introduction

Egypt’s first COVID-19 cases were reported on 14 February 2020 (World Health
Organization, 2020a). Twenty-six days later, the World Health Organization (WHO)
declared COVID-19 a pandemic (World Health Organization, 2020¢). By 7 April 2020,
COVID-19 cases have been detected in 52 African countries (World Health Organization,
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2020a). The COVID-19 pandemic has disrupted health systems’ abilities to provide basic
services worldwide (World Health Organization, 2020c). Based on a survey by the WHO
conducted between May and July 2020, 50 % of responding countries have experienced
disruptions to immunization services, with severe disruptions more common in low- and
middle-income countries (LMICs) (World Health Organization, 2020c).

Immunization services play an important role in disease control and are responsible for
preventing thousands of child deaths each year (Andre et al., 2008; Li et al., 2019). Prior to
the COVID-19 pandemic, the return on investment for vaccines was estimated to range from
$21 to $54 in LMICs (Sim et al., 2020). Although vaccine coverage has improved in African
countries, rates remain uneven within and between countries (Mosser et al., 2019). Efforts to
increase or maintain immunization coverage in 2020 have been thwarted by measures aimed
at slowing the spread of COVID-19, such as physical distancing and travel restrictions
(World Health Organization, 2020d). Disruptions in service stem from supply- and demand-
side factors, including supply chain disruptions, health facility closures, transportation chal-
lenges during lockdowns, and fear of contracting COVID-19 (World Health Organization,
2020c). Backslides in immunization coverage will exacerbate existing inequities in immuni-
zation coverage and disease burden (World Health Organization and UNICEF, 2020).

In facing the ongoing challenge of continuing health services during the COVID-19
pandemic, countries must prioritize and adapt services to comply with COVID-19 preven-
tion measures (World Health Organization, 2020b). During vaccination visits, close contact
between healthcare workers, children, and caregivers may contribute to increased COVID-
19 transmission, whereas safety protocols to reduce COVID-19 transmission may increase
costs of providing immunization services. Understanding the health and economic benefits
and risks of continuing immunization services during the COVID-19 pandemic may help
decision-makers make informed choices about service prioritization.

A recent study examined the health benefits and risks associated with continuing routine
immunization activities in Africa during the COVID-19 lockdown (Abbas et al., 2020). The
epidemiologic model estimated the benefits and risks of a 6-month suspension of routine
immunization services during the COVID-19 pandemic in African countries. Excess child-
hood deaths due to disrupted childhood immunizations were compared to excess COVID-19
fatalities attributable to people engaging in routine immunization activities. Benefits of
immunization were included for 11 vaccine-preventable pathogens: diphtheria, tetanus,
pertussis, hepatitis B, Haemophilus influenzae type b, Streptococcus pneumoniae, rotavirus,
measles, rubella, Neisseria meningitidis serogroup A (MenA), and yellow fever. Abbas et al.
also estimated the risk of COVID-19 fatalities for the vaccinated children and members of
their households: siblings, parents, and grandparents. They found that the lives saved from
continuing routine immunization services would exceed household COVID-19 fatalities ata
ratio of 84:1 (95 % confidence interval: 14-267), on average, across all African countries
(Abbas et al., 2020).

To contextualize the economic benefits and risks of continuing immunization services in
African countries during the COVID-19 pandemic, estimates of lives saved from vaccine-
preventable diseases and deaths from COVID-19 attributable to immunization activities
(Abbas et al., 2020) were used to calculate benefit-cost ratios (BCRs). Furthermore, benefits
of immunization may only be realized if sufficient investment in immunization is made.
A secondary analysis leverages recent estimates of the costs of immunization to assess
whether the economic benefits of lives saved by immunization exceed costs of providing
immunization during the COVID-19 pandemic and risks of excess COVID-19 deaths.

https://doi.org/10.1017/bca.2021.13 Published online by Cambridge University Press


https://doi.org/10.1017/bca.2021.13

Journal of Benefit-Cost Analysis 93

2. Materials and methods

Costs of excess deaths caused by a 6-month suspension of routine immunization services
were estimated for eight vaccines in all 54 African countries (Appendix 1 in the Supple-
mentary Material). Since multiple vaccines are given simultaneously, the BCRs were
calculated independently for each pathogen and per vaccination visit. Hepatitis B,
H. influenzae type b, and S. pneumoniae are designated as Expanded Program on Immuni-
zation (EPI) visit 1 (EPI-1); EPI-2 consists of rotavirus, measles first dose, rubella,
N. meningitidis serogroup A (MenA), and yellow fever vaccine (YFV); EPI-3 is only for
measles second dose. The economic benefits of lives saved were compared to costs of excess
COVID-19 deaths attributable to transmission during routine immunization.

Two approaches were used to estimate the economic costs of vaccine-preventable deaths
and COVID-19 deaths. The first approach was the cost of illness (COI) approach, which
includes direct costs (treatment and transportation costs) and indirect costs (caregiver wages
lost and productivity loss due to death). The second approach was the value of statistical life-
year (VSLY) approach, which reflects the marginal rate of substitution between goods and
one additional year of life (Robinson et al., 2019a). When VSLY is multiplied over the life
expectancy, it can be interpreted as the willingness to pay to reduce risk of death, adjusted for
age (Robinson et al., 2019a). For each approach, the estimated economic benefits of lives
saved by routine immunization were divided by the costs of excess deaths from COVID-19
to compute BCRs. All costs are reported in 2018 USD and reflect economic costs incurred in
the year 2020.

2.1 Cost of illness (vaccine-preventable diseases)

Estimates of vaccine-preventable child deaths from a 6-month suspension of immunization
(Abbas et al., 2020) were used to estimate treatment costs, transportation costs, lost caregiver
wages, and productivity loss due to death. Since deaths from vaccine-preventable diseases
(VPDs) occur 1-5 years after missed vaccinations, costs were discounted from the year of
death to the year 2020 at 3 % per year.

Direct costs include treatment and transportation costs from illness. Descriptive statistics
of inputs for the approach are provided in Appendix 2 in the Supplementary Material.
Treatment costs averted were estimated by multiplying the number of cases by syndrome-
specific care-seeking rates (Demographic and Health Survey Program, n.d.). Although only
fatal cases were modeled, demand and supply side barriers exacerbated by the COVID-19
pandemic, including fear of contracting the coronavirus, transportation restrictions, and
health facility closures (World Health Organization and UNICEF, 2020), may prevent some
severe and fatal cases from reaching health facilities. To account for this uncertainty, care-
seeking rates were varied in sensitivity analysis. We assumed all care-seeking cases would
be admitted to inpatient care. The number of care-seeking cases was multiplied by the
syndrome-specific length of stay (Parashar er al., 2003; Rudan et al., 2004; Sinha et al.,
2008; Kim et al., 2010a; Bishai et al., 2011; Lee et al., 2011) and the per diem inpatient
health facility cost (Stenberg et al., 2018). Costs of medications and diagnostics were
conservatively estimated to be 25-50 % of the facility fees (de Broucker et al., 2020).
Transportation costs were estimated by multiplying the cost per round trip to a healthcare
facility (Kim et al., 2010b) by the estimated number of care-seeking cases.

Caregiver wages lost were estimated using minimum wage (U.S. Department of State,
2017; International Labor Organization, 2018) as a proxy for the opportunity cost of caring
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for a sick child, as some caregivers may not be formally employed or may have the lowest
opportunity cost of time in the household. Lost caregiver wages were estimated by multi-
plying the wage by the number of care-seeking cases and length of stay (Parashar ez al., 2003;
Rudan eral., 2004; Sinha et al., 2008; Kim et al., 2010a; Bishai et al., 2011; Lee etal., 2011).

We used the human capital approach to estimate productivity loss due to death. Future
productivity loss from vaccine-preventable deaths was estimated for years of life lost
between ages 15 and 64. The number of productive years lost was multiplied by the gross
domestic product (GDP) per capita in 2018 (The World Bank, 2019) to approximate an
individual’s economic contribution to society. Since all deaths from VPDs occurred before
reaching the working age, we adjusted the number of deaths by the probability of survival to
15 years and discounted to 2020 at 3 % per year (The United Nations, 2019). Productivity
loss was multiplied by the country-specific labor force participation rate to account for
individuals who would not have participated in the labor market (International Labor
Organization, 2018).

2.2 Cost of illness (COVID-19)

We used a similar approach to estimate the COI associated with COVID-19 deaths
attributable to routine immunization activities. Costs associated with COVID-19 deaths
were not discounted, because they were assumed to occur in 2020. The care-seeking rate for
childhood pneumonia (Demographic and Health Survey Program, n.d.) was applied as a
proxy for the proportion of COVID-19 cases that would seek care and varied the rate in
sensitivity analysis. All care-seeking cases were assumed to be admitted for inpatient
treatment. Evidence measuring COVID-19 treatment costs in inpatient and intensive care
unit (ICU) settings was available for Kenya (Barasa & Kairu, 2020). These costs were
converted to 2018 USD and adjusted to the remaining African countries using the ratio of
modeled inpatient facility costs (Stenberg et al., 2018) in the target countries compared to
Kenya. We assumed that all patients would initially receive treatment in a standard inpatient
setting for 5 days and half of the patients would be transferred to an intensive care setting for
an additional 7 days (Rees et al., 2020). In middle- and high-income countries, most
COVID-19 deaths occur in an ICU setting (Wang et al., 2020). However, availability and
access to intensive care settings in African countries may be limited especially during the
COVID-19 pandemic (Davies et al., 2020; Ma & Vervoort, 2020). To account for this
uncertainty, we varied the rate of intensive care transfers in sensitivity analysis (Appendix
3 in the Supplementary Material).

As for VPD cases, transportation costs were calculated by multiplying the number of
care-seeking cases by the cost of one round trip to a health facility. Lost caregiver wages
were estimated by multiplying the minimum wage by the length of stay.

Productivity loss due to death from COVID-19 was estimated by multiplying GDP per
capita by remaining productive years at the age of death. To align with the epidemiologic
study, we assumed that COVID-19 deaths may occur in individuals in four different age
groups: the vaccinated child (age 1), a sibling of the vaccinated child (age 5), parents of the
vaccinated child, and grandparents (Abbas et al., 2020). To estimate the age at death among
parents of the vaccinated child, we used the country-specific average childbearing age; for
grandparents, we used twice the average childbearing age (The United Nations, 2017). The
number of remaining productive years was calculated for each age group by taking the
retirement age minus the age at death, or the retirement age minus age 15 for children.
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Additionally, for vaccinated children and their siblings, we adjusted the number of predicted
COVID-19 deaths by the probability of survival to age 15 (The United Nations, 2017). For
each group, remaining productive life years were multiplied by the GDP per capita and
discounted to 2020 at 3 % per year. We calculated a weighted average of the productivity loss
associated with COVID-19 deaths using the country-specific proportions of COVID-19
deaths at each age. Total productivity loss was estimated by multiplying the weighted
average by the number of COVID-19 deaths and the labor force participation rate
(International Labor Organization, 2018).

2.3 Value of statistical life year

Value of statistical life (VSL) is a risk assessment metric based on estimates of the average
willingness to pay for a small reduction in mortality risk in a population (Robinson et al.,
2019a). The marginal willingness to pay is typically multiplied across a population to
estimate the value society places on saving one life (Robinson et al., 2019a). Using the
standard approach, VSL does not vary based on the age of those whose lives are saved; thus,
it does not provide additional insight beyond the benefit-risk ratios that compare the number
of VPD deaths to that of COVID-19 deaths. Since our model only includes children, and
COVID-19 disproportionately impacts older adults, we applied the VSLY approach. VSLY
is derived from VSL and reflects the marginal rate of substitution between gains in life
expectancy and other goods and services.

We first estimated VSL using methods outlined in the Reference Case Guidelines for
Benefit-Cost Analysis in Global Health and Development (Robinson et al., 2019a). Since
few direct estimates of VSL were available for the modeled countries, we applied a value-
transfer approach to extrapolate VSL from the USA to African countries. The value-transfer
approach adjusts for differences in income using a multiplier of the ratio of GDP per capita in
the target country and the USA raised to the income elasticity for health. For this analysis, we
assumed an income elasticity of 1.5 as estimated in a recent systematic review (Robinson
etal, 2019D).

Deaths caused by the VPDs included in the analysis are estimated to occur within the next
5 years, so we estimated VSL using projected GDP per capita in the year of death (Global
Burden of Disease Health Financing Collaborator Network, 2018). We applied the formula
below, in which i indicates the target country, the USA serves as the reference country, j is
the target year, and e, is the income elasticity. The U.S. VSL was estimated as 160 times
GDP per capita (The World Bank, 2019; Robinson et al., 2019a), and was approximately
$10 million in 2018. For countries for which this method yields VSLs below the estimated
value of future earnings, or 20 times GDP per capita, we imputed 20 times GDP per capita as
a minimum value for the VSL (Robinson et al., 2019a).

GDPper capita;; \
VSL,‘J_< P P Y ) XVSLUSAJ.

GDP per capitayg, ;

We derived VSLY by dividing VSL by the country-specific average remaining life expec-
tancy, which was approximated by taking half of each country’s undiscounted life
expectancy at birth. We then multiplied the VSLY by the expected number of remaining
life years at the age of death. For child deaths, this yields a higher value than the standard
VSL approach; for older adults, it yields a lower value.
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2.4 Benefit-cost ratios

To compute BCRs, we divided economic benefits of sustained immunization by costs of
COVID-19 deaths attributable to immunization activities. BCRs using the COI and VSLY
approaches were estimated for each country, vaccine, and EPI visit. The primary results are
based on the calculation below:

(Benefits of lives saved by routine immunization)

BCR = .
(Costs of COVID — 19 deaths from interaction during immunization visits)

2.5 Scenario analysis

The primary analysis compares the economic benefits of lives saved from routine immuni-
zation to the economic costs of additional COVID-19 deaths due to interaction during
immunization visits. Because the full benefits of immunization would only be realized if
investment in providing immunization is continued, we conducted scenario analysis to
include the cost of routine immunization in the BCR. Routine immunization costs in African
countries for the year 2021 were extracted from an analysis of the costs of reaching coverage
goals outlined in the Immunization Agenda 2030 (Sriudomporn et al., 2021). Annual routine
immunization costs were adjusted to 2020 using a ratio of the target population (United
Nations, 2019) in 2020-2021. We divided these costs by 2 to approximate the cost of
immunization during the 6-month suspension in the model. Furthermore, providing routine
immunization during the COVID-19 pandemic may be more costly with mitigation measures
in place. A recent study estimated that providing personal protective equipment, implement-
ing social distancing, providing hazard pay, and implementing other mitigation measures
may increase the cost per dose by 23-251 % depending on the setting and volume of the
vaccination site (Banks et al., 2021). We estimated BCRs that include the cost of providing
routine immunization at 100, 123, and 351 % of the baseline costs in addition to the cost of
COVID-19 deaths estimated. The BCR calculation for the scenario analyses is below:

(Benefits of lives saved by routine immunization)

BCR = .
(Costs of COVID — 19 deaths + Cost of routine immunization)

2.5. Sensitivity analysis

We selected five key parameters to vary in probabilistic sensitivity analysis: number of
deaths from VPDs and COVID-19, care-seeking rates, ICU admittance rate for COVID-19
patients, facility costs, and GDP per capita (Appendix 4 in the Supplementary Material).
Sensitivity analysis for VSLY was performed by varying GDP per capita and the number of
deaths, as the other inputs do not impact VSLY calculations. We generated 10,000 Monte
Carlo simulations to produce 95 % confidence intervals for all estimates.

We used one-way sensitivity analysis to assess the impact each parameter on the results
by estimating benefits, costs, and BCRs within two standard deviations of the mean value for
each of the five parameters listed above.

3. Results

Using the COI approach, we estimated that sustaining immunization could avert $4949
million ($4776-5480) from costs associated with vaccine-preventable child deaths in the
next 5 years (Table 1). Treatment costs, transportation costs, and caregiver wages together
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Table 1. Benefits, risks, and BCRs of sustained routine immunization in Africa using the COI and VSLY approaches (95 % confidence
intervals in parentheses).

Benefit-risk COI VSLY
ratio
(VPD deaths:
COVID-19 VPD COVID-19 COVID-19 BCR

Vaccine deaths) (millions) (millions) BCR (COI) VPD (millions) (millions) (VSLY)
HepB3 1 $51 $34 1 $357 $178 2

0-2) (41-107) (33-80) (1-2) (273-743) (150-323) (1-4)
Hib3 9 $738 $36 21 $5242 $178 29

(1-31) (677-856) (33-80) (9-23) (4696-6138) (150-325) (16-37)
PCV3 10 $637 $30 21 $4499 $155 29

(5-13) (560-800) (28-73) (9-25) (3841-5768) (125-290) (15-39)
RotaC 4 $170 $15 11 $1133 $70 16

(1-14) (149-205) (14-38) 4-13) (968-1397) (56-139) (8-22)
MCV1 99 $2994 $12 257 $20,760 $60 346

(14-327) (2754-5364) (11-28) (107-257) (18,815-23,914) (50-112) (185-429)

RCV 2 $18 $5 4 $119 $25 5

(0-5) (14-40) 4-12) 2-7) (91-263) (21-45) (3-10)
MenA 2 $3 $1 3 $15 $4 3

(0-5) (2-5) (1-4) (1-4) (11-27) (3-10) -7
YFV 26 $275 $4 62 $1727 $22 77

(4-90) (222-429) (4-15) (20-51) (1338-2771) (16-53) (33-136)

s1sppuy 150)-11fauag Jo jpuinop
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Table 1. Continued

Benefit-risk COlI VSLY
ratio
(VPD deaths:
COVID-19 VPD COVID-19 COVID-19 BCR
Vaccine deaths) (millions) (millions) BCR (COI) VPD (millions) (millions) (VSLY)
MCV2 (EPI-3) 13 $63 $7 10 $493 $36 14
(2-44) (56-73) (5-14) 4-13) (427-601) 27-74) (7-19)
EPI-1 (HepB3, Hib3, 80 $1597 $35 46 $11,230 $179 63
PCV3, RotaC) (13-262)" (1521-1840) (33-81) (21-51) (10,478-13,015) (150-320) (36-79)
EPI-2 (MCV1, RCV1, 112 $3290 $12 282 $22.,621 $60 377
MenA, YFV) (18-372) (3089-3704) (11-28) (121-302) (20,775-26,091) (50-113) (202-473)
EPI (all vaccines) 82 $4949 $53 94 $34,344 $275 125
(13-265)" (4776-5480) (50-121) (42-102) (32,554-38,593) (230-506) (69-155)

Note: BSRs comparing vaccine-preventable deaths to COVID-19 deaths were extracted from Abbas et al. (2020)."

Abbreviations: BCR, benefit-cost ratio; COI, cost of illness; HepB3, hepatitis B; Hib3, Haemophilus influenzae type b; PCV3, Streptococcus pneumoniae; RotaC, rotavirus; MCV1, measles first dose;
MCV2, measles second dose; RCV, rubella; MenA, Neisseria meningitidis serogroup A; VSLY, value of statistical life year.

“Includes averted deaths from diphtheria, tetanus, and pertussis, not included in the economic analysis.
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comprise 0.3 % of the COI, with productivity loss due to death making up the remaining
99.7 % of the COL. Estimated transportation costs and caregiver wages lost were negligible
(<0.1 %). Sustaining immunization would generate $34,344 million ($32,554-38,593) in
the value of lives saved using the VSLY approach. Estimates using the VSL approach can be
found in Appendix 5 in the Supplementary Material. Country- and vaccine-specific esti-
mates for each approach are in Appendices 68 in the Supplementary Material.

Excess deaths from COVID-19 would result in $53 million ($50-$121) of economic
costs using the COI approach. Treatment costs comprise 22.8 % of the total COI from
COVID-19, with productivity loss making up the remaining 77.2 %. As with the VPD
estimates, transportation costs and caregiver wages lost were negligible (<0.1 %). Using the
VSLY approach, we anticipate COVID-19 would lead to $275 million ($230-506) in lost
economic value.

The BCR using the COI approach ranged from 1:1 (1-2) for hepatitis B and MenA to
257:1 (107-275) for MCV1 (Figure 1). Across all vaccines, the BCR was 94:1 (42-102),
compared with the benefit-risk ratio of 82:1, comparing numbers of vaccine-preventable
deaths to those of COVID-19 deaths.

As expected, the VSLY approach generated higher BCRs. The lowest ratios using this
approach were estimated for hepatitis B and MenA, with 2:1 (1-4) and 3:1 (1-7), respec-
tively; the MCV1 generated the highest BCR of 346:1 (185-429). The overall BCR for
routine immunization using VSLY was 125:1 (69-155).

One-way sensitivity analysis showed that the BCR estimated using the COI approach is
sensitive to the number of deaths from VPDs and COVID-19 (Figure 2). Facility costs, care-
seeking rates, and ICU admittance also contribute notably to uncertainty in the BCR. Higher
facility costs increased estimated COVID-19 costs more than costs due to VPDs and
decreased the BCR.

The BCR calculated from the VSLY approach is sensitive to uncertainty in the deaths
from VPDs and COVID-19, but uncertainty in GDP per capita had little impact on the
estimate (Figure 3). The impact of each parameter on the estimates on the economic costs of

400.0

350.0

300.0

250.0 =

200.0

150.0

100.0

50.0 HI I |:|

0.0 R — ] [jl []l 1| I:l L]
HepB3 MenA RCV  MCV2 RowC PCV3  Hib3  YFV  MCVI  EPLl  EPI-2  AlEPI

mCOI mVSLY

Figure 1. Benefit-risk ratios by vaccination using the cost of illness and value of statistical
life-year approaches.
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Figure 2. Sensitivity analysis for benefit-cost ratios using the cost of illness approach.
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Figure 3. Sensitivity analysis for benefit-cost ratios using the value of statistical life-year
approach.

vaccine-preventable deaths and COVID deaths are shown in Appendix 9 in the Supple-
mentary Material.

Results from the scenario analysis that include costs of providing routine immunization
during the pandemic are presented in Table 2. Using the COI approach, the lowest vaccine-
specific BCR was for hepatitis B, which was 0 (0-0) for all estimates that included costs of
routine immunization. Measles first dose generated the highest vaccine-specific BCRs, ranging
from 52 (40-53) in the reference case, 44 (35-44) with low costs of providing routine
immunization during the pandemic, to 17 (16—17) with high costs of routine immunization.
Using the VSLY approach, vaccine-specific BCRs ranged from 1 (1-1) for all hepatitis B
estimates to 196 (131-220), 178 (123-197), and 94 (76-99) for measles first dose, using the
reference case, low- and high-cost estimates, respectively. The BCRs for each EPI visit using
the highest cost estimates for continuing routine immunization during the pandemic each show
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Table 2. BCRs of sustained routine immunization in Africa including the costs of routine immunization
(95 % confidence intervals in parentheses).

COlI VSLY
BCR BCR including BCR including BCR BCR including BCR including
including immunization immunization including immunization immunization
immunization  costs with costs with immunization  costs with costs with
costs mitigation mitigation costs mitigation mitigation
Vaccine (reference) measures (low) measures (high) (reference) measures (low) measures (high)
HepB3 0 (0-0) 0 (0-0) 0 (0-0) 1(1-2) 1(1-2) 1(1-1)
Hib3 6 (4-6) 5 (4-5) 2 (2-2) 19 (12-22) 18 (12-20) 10 (8-11)
PCV3 2 (1-2) 1(1-1) 0 (0-0) 9 (7-9) 7 (6-8) 3 (3-3)
RotaC 1(1-1) 1(1-1) 0 (0-0) 6 (4-6) 5 (4-6) 2 (2-2)
MCV1 52 (40-53) 44 (35-44) 17 (16-17) 196 (131- 178 (123-197) 94 (76-99)
220)
RCV 2 (2-2) 2 (2-2) 1(1-1) 8 (5-10) 8 (5-9) 4 (3-5)
MenA 0 (0-0) 0 (0-0) 0 (0-0) 1(1-2) 1(1-1) 0 (0-1)
YFV 0 (0-0) 0 (0-0) 0 (0-0) 2 (1-2) 2 (1-2) 1 (1-1)
MCV2 (EPI-3) 9 (7-10) 8 (6-8) 3(3-3) 36 (22-46) 32 (21-40) 16 (12-17)
EPI-1 (HepB3, Hib3, 3(3-3) 2 (2-2) 1(1-1) 15 (13-16) 13 (11-14) 5(5-5)
PCV3, RotaC)
EPI-2 (MCV1, RCV1, 13 (12-13) 11 (10-11) 4 (4-4) 75 (64-78) 63 (55-65) 25 (23-25)
MenA, YFV)
EPI (all vaccines) 66 (36-70) 62 (34-66) 38 (25-39) 116 (66-141) 114 (66-138) 97 (60-115)

Notes: The reference case of immunization costs reflects costs without mitigation measures for COVID-19. The low and high estimates account for 23 and 251 %, respectively, increases in the cost per dose
Sfor implementing COVID-19 mitigation measures (Banks et al., 2021).
Abbreviations: BCR, benefit-cost ratio; HepB3, hepatitis B; Hib3, Haemophilus influenzae type b; PCV3, Streptococcus pneumoniae; RotaC, rotavirus; MCV 1, measles first dose; MCV2, measles second
dose; RCV, rubella; MenA, Neisseria meningitidis serogroup A.
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benefits exceed costs. Using the highest estimate of costs, the BCR across all vaccines was
38 (25-39) using the COI approach and 97 (60-115) using the VSLY approach.

4 Discussion

This analysis demonstrates the significant economic costs associated with suspending
routine immunization during the COVID-19 pandemic. Given the large number of VPDs
with significant disease burden in Africa and the drastically different age distribution of
disease burden from existing VPDs and COVID-19, the benefits of sustaining immunization
services far exceed the risks due to COVID-19 in both health and economic terms. This is
particularly true for measles, a highly infectious VPD with a high case-fatality rate among
young children, which exhibited BCRs above 100:1 and as high as 346:1 in our analysis.

BCRs help weigh the benefits and costs associated with sustaining routine immunization.
Of all the vaccines modeled, only hepatitis B and MenA exhibit BCRs where lower bounds
of the 95 % confidence intervals fall below 1:1 in the primary results. All estimates of the
mean BCRs that compare costs of death are greater than 1:1, demonstrating that the
economic impact of sustained routine immunization outweigh the risks of COVID-19
associated with immunization activities. Furthermore, the COI and VSLY BCRs are higher
than the benefit-risk ratios that compare the number of deaths (Abbas et al., 2020). This is
because the COI and VSLY approaches account for the relative ages of those impacted by
VPDs compared to COVID-19. Using the COI approach, child deaths are associated with
larger productivity loss compared with adults. Likewise, the VSLY approach assigns value
to lives saved based on the remaining life expectancy at the age of death. For children, this
yields a higher economic value.

The estimated BCRs from each EPI visit were high, ranging from 46:1 to 282:1 using the
COl approach, and 63:1 to 377:1 using the VSLY approach. The high BCRs from EPI visits,
during which children receive multiple vaccine doses at once, demonstrate that bundling the
health benefits from immunization also minimizes the risk of COVID-19 transmission.

The scenario analysis that accounted for costs of providing immunization during the
pandemic reaffirms that benefits of routine immunization outweigh the risk of increased
COVID-19 transmission. Despite the potential cost increases of providing personal protec-
tive equipment, increasing hygiene practices, social distancing, and other measures, immu-
nization remains an important tool for maintaining child health and preventing outbreaks
of VPDs.

Using the COI approach, productivity loss comprises most of the economic cost of VPDs
and COVID-19; however, treatment costs were also a significant driver of COVID-19 costs.
Treating COVID-19 patients requires substantial personal protective equipment for health-
care workers, which drives up costs (Barasa & Kairu, 2020). Emerging evidence suggests
that hospitalized COVID-19 patients often have long inpatient stays, ranging from 4 to
21 days for patients who died in the hospital, and longer for patients discharged alive (Rees
et al., 2020). Prolonged inpatient stays for COVID-19 patients may strain hospital capacity
in low-resource settings. In the case of disrupted immunization, simultaneous outbreaks of
VPDs and COVID-19 could place a synergistic burden on the hospital resources.

These economic implications concur with existing evidence that suspending, or reducing,
routine immunization activities will result in health consequences more catastrophic than
COVID-19 transmission. To mitigate the effects of suspended immunization services,
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countries must address supply- and demand-side factors contributing to the COVID-19-
related disruption. Countries responding to the WHO pulse survey indicated that prioriti-
zation of health services was an important step toward minimizing disruptions due to
COVID-19 (World Health Organization, 2020c). Community outreach to inform the public
of the importance of immunization, provide updates on service changes, and inform the
public of safety precautions at immunization sites may help overcome demand-side chal-
lenges. This analysis demonstrates that implementing safety measures to reduce the risk of
COVID-19 transmission at the vaccination sites would be justified even if they increase costs
of immunization by more than 250 %. The ability to adapt in the wake of the COVID-19
pandemic will help sustain a resilient immunization delivery system in the face of potential
future pandemics or other enduring crises.

This analysis has several limitations. This analysis is based on a model estimating the
benefits and risks associated with a 6-month suspension in immunization services (Abbas
et al., 2020). The duration and extent of service disruption vary between countries, which
could contribute substantially to uncertainty in expected excess deaths. We attempted to
address this in sensitivity analysis by using an estimated range of deaths for VPDs and
COVID-19 (Abbas et al., 2020). Additional country surveys of the impact of COVID-19 on
health service delivery may better inform future modeling studies.

This analysis excludes the economic impact of preventing nonfatal illness caused by
COVID-19 and childhood vaccine-preventable illness. Morbidity from COVID-19 and
vaccine-preventable diseases may impact productivity loss, and it is unknown whether
nonfatal cases of COVID-19 or vaccine-preventable diseases would be more costly.
Prior studies on economic benefits of immunization suggest that costs of death
comprise the majority of the economic burden of disease (Watts et al., 2021), which
served the basis of this analysis. The scenario analysis that includes the cost of
providing routine immunization during COVID-19 accounts for costs of implementing
mitigation measures. If mitigation measures effectively reduce risk of COVID-19
transmission during immunization visits, these estimates will conservatively reflect
the benefit of continuing routine immunization during the pandemic. Lastly, this
analysis only considers COVID-19 risks to household members and not to health
workers who may be involved with both treating COVID-19 and carrying out immu-
nization services. It also does not account for health workforce supply constraints that
may arise if health systems are significantly overburdened with COVID-19 cases and
exhibit limited capacity to direct efforts toward other service provision, including
primary care and immunization services.

Lastly, these estimates are based on direct benefits of vaccination and COVID-19 cases
transmitted during immunization visits. Both measles and COVID-19 are highly transmis-
sible and may lead to outbreaks in communities with low immunity (Ferrari et al., 2008;
Garba et al., 2020). Continuing routine immunization with mitigation measures to prevent
COVID-19 transmission will be important for reducing the risk of COVID-19 and measles
outbreaks in low-resource settings.

In conclusion, estimates of child deaths caused by halting routine immunization
activities suggest that the benefits of continuing immunization far outweigh the risk of
COVID-19 deaths among households visiting immunization sites. BCRs provide addi-
tional insight for vaccine advocates and country governments in the African region, as they
prioritize health services during the COVID-19 pandemic. Despite increased costs of
continuing immunization services during the pandemic, preventing childhood deaths from
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VPDs should be prioritized. Our analysis also demonstrates both from a health and
economic perspective that if delivery of only one vaccine should be prioritized to be
maintained, uninterrupted, during the COVID-19, it should be measles first dose, which
consistently exhibited BCRs above 100:1. Countries should immediately prioritize ways
to continue the delivery of measles vaccine and catch up on forgone services as quickly as
possible to prevent potentially large future health and economic consequences due to
measles outbreaks.
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