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ABSTRACT
Objectives  While almost 60% of the world has received at 
least one dose of COVID-19 vaccine, the global distribution 
of vaccination has not been equitable. Only 4% of the 
population of low-income countries (LICs) has received a 
full primary vaccine series, compared with over 70% of the 
population of high-income nations.
Design  We used economic and epidemiological models, 
parameterised with public data on global vaccination and 
COVID-19 deaths, to estimate the potential benefits of 
scaling up vaccination programmes in LICs and lower-
middle-income countries (LMICs) in 2022 in the context of 
global spread of the Omicron variant of SARS-CoV2.
Setting  Low-income and lower-middle-income nations.
Main outcome measures  Outcomes were expressed as 
number of avertable deaths through vaccination, costs 
of scale-up and cost per death averted. We conducted 
sensitivity analyses over a wide range of parameter 
estimates to account for uncertainty around key inputs.
Findings  Globally, universal vaccination in LIC/LMIC 
with three doses of an mRNA vaccine would result in an 
estimated 1.5 million COVID-19 deaths averted with a total 
estimated cost of US$61 billion and an estimated cost-per-
COVID-19 death averted of US$40 800 (sensitivity analysis 
range: US$7400–US$81 500). Lower estimated infection 
fatality ratios, higher cost-per-dose and lower vaccine 
effectiveness or uptake lead to higher cost-per-death 
averted estimates in the analysis.
Conclusions  Scaling up COVID-19 global vaccination 
would avert millions of COVID-19 deaths and represents 
a reasonable investment in the context of the value of a 
statistical life. Given the magnitude of expected mortality 
facing LIC/LMIC without vaccination, this effort should be 
an urgent priority.

INTRODUCTION
As of 7 January 2022, 59% of the global popu-
lation had received at least one dose of a 
COVID-19 vaccine, 50% had received a full 
primary vaccine course and 7% had received 

an additional booster. In low-income coun-
tries (LICs),1 only 9% of people had received 
any dose of vaccine, and only 4% had received 
two doses.2 The barriers to global access to 
COVID-19 vaccines have been well described. 
Many have emphasised the need to scale up 
mRNA vaccine production to remedy these, 
including the transfer of technology for 
vaccine production to regional hubs to scale 
up supply more quickly as recommend by the 
WHO.3 4 Beyond humanitarian implications, 
lingering inequities in access to COVID-19 
vaccines will delay the worldwide recovery 
from the pandemic and continue to fuel the 
rise of new variants as the virus spreads in 
many parts of the globe.5

Because the most dire complications of 
COVID-19 occur in older people and the 
age structure in many lower-middle-income 

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ This study uses global data on COVID-19 vaccine avail-
ability and COVID-19 mortality and excess mortality to 
estimate the costs and deaths-averted of vaccinating 
low-income and lower-middle-income countries.

	⇒ This study models the Omicron variant of COVID-19 
using recent data, and is therefore relevant to the 
current stage of the pandemic.

	⇒ Sensitivity analyses were performed to evaluate the 
outcomes of the model at wide ranges of potential 
cost-per-dose of vaccine, infection fatality rates of 
COVID-19 and vaccine effectiveness.

	⇒ Limitations of this study include that it is a modelling 
study which will not give exact results but rather an 
estimate of what can be expected.

	⇒ The analysis does not measure hospitalisations or 
consider hospital capacity in the model, which is also 
an important consideration in global vaccination.
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countries (LMICs) skews relatively young, it was initially 
assumed that the mortality burden in LICs and LMICs 
from COVID-19 would be less severe.6 However, deaths 
in LIC/LMIC have been growing as the pandemic has 
continued, likely due in part to underlying comorbidi-
ties.7 LICs/LMICs now account for over 50% of the global 
mortality burden with some researchers suggesting they 
bear 80% of global COVID-19 mortality when accounting 
for underreporting of deaths in these regions.8 Indeed, 
due to under-reporting, the recorded number of infec-
tions and deaths are likely gross underestimates of the 
true burden of the pandemic in LICs/LMICs.9 10 Model-
based excess mortality estimates suggest that COVID-19-
related mortality might be up to 35 times higher than 
reported figures in these settings.8 11

The emergence of the Omicron variant has led to steep 
increases in infections and hospitalisations worldwide,12 
causing significant health losses and disruptions to daily life, 
commerce and travel, as well as severe stress on the healthcare 
sector dealing with a high volume of patients in many places 
across the globe. While Omicron appears to be less severe 
than other variants,13 it is also more transmissible and more 
able to escape both existing immunity garnered by previous 
infections and that conferred through vaccination.14

Previous literature has discussed the feasibility and costs of 
global vaccination for COVID-19,15 16 placing the total cost 
somewhere between US$25 billion and US$50 billion.17 18 
However, the dangers of not vaccinating come at a poten-
tial worldwide cost of trillions of dollars.17 19 WHO estimates 
a delivery cost per vaccine dose of about US$1.66, which 
together with vaccine production costs comes to a cost of 
about US$5 per dose in arm.15 Even when incorporating 
higher vaccine prices as offered by manufacturers, the cost 
per dose delivered stays below US$10.

This analysis aimed to estimate the number of deaths 
that could be averted via rapid scale up of vaccination 
in LICs/LMICs around the world, analysing vaccination 
scenarios involving either two or three doses of mRNA 
vaccines. In addition, using estimates of the total cost 
of vaccine manufacturing and delivery, we evaluated 
the cost-per-death averted in LIC/LMIC. Our analysis 
provides lower and upper bounds on estimates of deaths 
averted under a broad range of assumptions and param-
eter values. Our study uses mRNA vaccines as the inter-
vention, given that estimates for the costs of their rapid 
global scale-up are available,15 the WHO is already setting 
up an mRNA production hub,16 and they are among the 
most effective vaccines against COVID-19 to date, particu-
larly against the Omicron variant.14 20

METHODS
Analytical approach
We developed a probability-tree model to assess potential 
deaths averted, total vaccination costs and cost per death 
averted assuming vaccination scale up to 100% coverage 
in LIC/LMIC. We assumed the main COVID-19 variant 
to be Omicron, which leads to less severe disease than 

the prior Delta variant but has greater transmissibility 
and immune escape. We assumed that all persons previ-
ously unvaccinated and uninfected and some individuals 
with previous immune protection would be infected with 
SARS-CoV-2 within the year, which was the time frame of 
our model. We further assumed that some percentage 
of those infected would die based on infection fatality 
ratios (IFRs) estimated for the Omicron variant for spike 
naïve, previously infected and vaccinated individuals. No 
discounting of outcomes was used given the short (1 year) 
time frame of the analysis. As the only cost included in 
analysis was the cost of vaccination, the perspective is that 
of the vaccinating body, whether that be within-country 
or international.

Our analysis of avertable deaths proceeded in three 
steps. First, we used mortality data (both estimates of 
excess mortality and reported COVID-19 deaths) over 
the last 22 months to estimate cumulative infections of 
COVID-19 across LIC/LMIC in all regions. Second, 
we used the number of previously infected people per 
country, the number of already vaccinated people per 
country and the IFR to estimate a ‘number of avert-
able deaths’ for future death from COVID-19, assuming 
those who are previously vaccinated and those who have 
previous immunity are protected at least in part. Third, we 
predicted the number of deaths that could be prevented 
based on estimated vaccine effectiveness.

We evaluated two potential dosage scenarios, one which 
estimates cost and effect of global vaccination with two 
doses of mRNA vaccine (‘two-dose scenario’), and one 
with three doses of mRNA vaccine, the primary full course 
plus an additional booster (‘three-dose scenario’). The 
two-dose scenario assumes that everyone who is unvacci-
nated at the start of the simulation will receive two doses, 
and those with one vaccine dose will receive an additional 
dose. The three-dose scenario calculation assumes those 
who are unvaccinated will receive three doses, those with 
two doses will receive one additional dose and those with 
one dose will receive two additional doses. For cost calcu-
lations, we multiplied the number of doses needed for 
full population vaccination under these dosage scenarios 
by the cost per dose.

We estimated the number previously infected with 
COVID-19 in each region using estimates of regional 
COVID-19-related mortality and IFR:

	﻿‍ I i =
(
M i/IFR pO

)
/P i ‍� (1)

Ii is the proportion of the population in region i with 
previous COVID-19 infection, Mi is the number of deaths 
attributed to COVID-19 since March 2020, IFRpO is the IFR of 
COVID-19 pre-Omicron, and Pi is the population of region i.

As mortality due to COVID-19 is not well measured in most 
LIC/LMIC, we estimate ‍Mi‍ in two ways. One method uses 
reported COVID-19 deaths as the COVID-19 mortality esti-
mate, with the understanding that this would likely underesti-
mate mortality due to COVID-19. Alternatively, we use excess 
deaths estimates as the indicator of COVID-19 mortality.11 
The modelled estimates of excess death have wide CIs, and 
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therefore, we use both the median estimate and the 95% 
confidence limits in our analyses to reflect this uncertainty.

We estimated the number of potentially avertible deaths 

‍
(
Di,d‍) from COVID-19 based on prior immunity and prior 

vaccination in each region with the two-dose and three-dose 
scenario:

For two-dose scenario:

	﻿‍ Di,2 = Pi ∗ IFRO ∗
[
Ii ∗

(
1 − Vi

)
∗
(

1 − N
)

+
(

1 − Ii
)
∗ (1 − Vi

)
]‍� (2a)

For three-dose scenario:

	﻿‍
Di,3 =

Pi ∗ IFROmicron ∗ [Ii ∗ (1 − Vi) ∗ (1 − N) + (1 − Ii) ∗ (1 − Vi)

+ Ii ∗ Vi ∗ (1 − E2) ∗ (1 − N) + (1 − Ii) ∗ Vi ∗ (1 − E2)] ‍
� (2b)

Ii is calculated in equation 1, IFRO is the IFR of the Omicron 
variant of COVID-19, Vi is the proportion of the population 
in region i previously vaccinated with two doses of mRNA 
vaccine, N is the protection against mortality conferred by 
natural immunity and E2 is the vaccine effectiveness against 
mortality for two doses of mRNA vaccine.

We then estimated the number of deaths averted (AI,d):
For two-dose scenario:

	﻿‍ Ai,2 = Di,2 ∗ E2‍� (3a)

For three-dose scenario:

	﻿‍ Ai,3 = Di,3 ∗ E3‍� (3b)

Where E3 is the vaccine effectiveness against mortality 
from three doses of vaccine.

We estimate the total number of vaccine doses neces-
sary to fully vaccinate a region (Xi,d):

For two-dose scenario:

	﻿‍ Xi,2 = Pi
(
Yi + 2 ∗

(
1 − Yi − Vi

))
‍� (4a)

For three-dose scenario:

	﻿‍ Xi,3 = Pi
(
Vi + 2 ∗ Yi + 3 ∗

(
1 − Yi − Vi

))
‍� (4b)

Yi is the proportion of the population of region i vacci-
nated with only one dose of vaccine.

We estimated total cost of vaccination for each region (Ti,d):
For two-dose scenario:

	﻿‍ Ti,2 = Xi,2 ∗ C ‍� (5a)

For three-dose scenario:

	﻿‍ Ti,3 = Xi,3 ∗ C ‍� (5b)

Xi comes from equations 4a and 4b and C was the cost 
per vaccine dose.

Finally, we estimated cost per death averted (Zi,d):
For two-dose scenario:

	﻿‍ Z i,2 = Ti,2
Ai,2 ‍� (6a)

For three-dose scenario:

	﻿‍ Z i,3 = Ti,3
Ai,3 ‍� (6b)

Ti,d comes from equations 5a,b, and Ai.d comes from 
equations 3a,b.Ta
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Parameter values
Data on population by region and number of vacci-
nations came from Our World in Data and WHO 
(table 1).2 12 21 Data on reported COVID-19 mortality and 
excess mortality by region for 2020 and 2021 came from 
the Institute for Health Metrics and Evaluation and from 
The Economist.11 22

Countries were assigned to regions based on World 
Bank designations.1 Only LICs and LMICs were included 
in the main analysis. Population characteristics for each 
are shown in table 1.

We extracted estimates of the IFR (for pre-Omicron and 
Omicron), natural immunity protection against mortality 
following past COVID-19 infection, vaccine effectiveness 
against mortality, and cost per dose of vaccine adminis-
tered from the published literature (table 2).

For the base-case analysis, we chose realistic parameter 
values with regards to the cost and benefits of scaling 
global COVID-19 vaccination. We set the COVID-19 
Omicron variant IFR as one fifth of the pre-Omicron esti-
mate (1 in 1000 vs 5 in 1000),13 23 natural immunity protec-
tion against mortality as 80%,24 and vaccine effectiveness 
against mortality as 80% for the two-dose scenario and 
90% for the three-dose scenario (table  1). Production 
and delivery of an mRNA vaccine dose was estimated to 
cost US$7, the halfway point between relevant estimates 
of US$5–US$10.15 16

Sensitivity analysis
Given the uncertainty surrounding several model param-
eters, we sought to assess the robustness of our conclu-
sions under a wider range of assumptions about the 
values of our parameters alone and in combination. We; 
therefore, conducted a sensitivity analysis assessing the 
number of deaths averted and the cost-per-death averted 
while varying IFR, vaccine effectiveness and vaccine cost. 
We ranged IFR from a ‘high’ estimate of 5/1000 consis-
tent with pre-Omicron levels,23 to a ‘low’ estimate of 5/10 
000, consistent with mortality reduction observed for 
Omicron in the USA.25 We ranged vaccine effectiveness 
against mortality for the two-dose scenario from 80% to 
95%, and for the three-dose scenario from 90% to 99%, 
given the uncertainty of vaccine effectiveness against 

Omicron as well as potential future variants.26 Vaccine 
cost was ranged from US$5 to US$10 per dose (table 1).

As a scenario analysis, we examined the value of vaccines 
under imperfect uptake. For this analysis, avertible deaths 
were reduced from 100% to 75%, consistent with vaccine 
uptake observed in the USA. Cost for vaccine produc-
tion was kept at 100%, with the assumption that enough 
vaccine is produced for full vaccination but uptake is 
reduced.

We also assessed the potential benefit of vaccination in 
a scenario of high prior infection with COVID-19, since 
Omicron may spread through the world faster than vacci-
nation can take place. This sensitivity analysis assumed 
that 100% of the population in LIC/LMIC would be 
previously infected by COVID-19 prior to vaccination, 
such that mortality risk is entirely among those with 
partial natural protection.

Patient and the public involvement
No patient involved.

RESULTS
Base-case analysis
For the two-dose scenario with base case parameter esti-
mates (table 2), using excess mortality to estimate prior 
infections and number at risk, scaling up vaccination to 
provide two doses of mRNA vaccine to everyone in LIC/
LMIC would cost US$35.5 billion and avert 1.3 million 
deaths from COVID-19, at a cost of US$26 900 per death 
averted (table  3). Scaling up vaccination to provide 
three doses of mRNA vaccine to everyone in LIC/LMIC 
would cost US$61.2 billion and avert 1.5 million deaths 
from COVID-19 at a cost of US$40 800 per death averted 
(table 3).

Sensitivity analysis
We considered a wide range of values for IFR and vaccine 
effectiveness (table 2). For the two-dose scenario, the cost-
per-death averted ranged from US$4500 when IFR was 
5/1000 and vaccine effectiveness against mortality was 
95%, to US$53 800 when IFR was 5/10 000 and vaccine 
effectiveness against mortality was 80% (figure 1). Deaths 

Table 2  Model parameter estimates and ranges

Parameter Base-case parameters Sensitivity analysis Source

Infection fatality ratio (IFR) for pre-Omicron COVID-19 5/1000  �  Levin et al23

IFR for Omicron variant of COVID-19 1/1000 5/10 000
5/1000

Levin et al23

Lewnard et al25

Abdullah et al13

Natural immunity protection against COVID-19 mortality 80%  �  Bozio et al24

Vaccine effectiveness against COVID-19 mortality, two dose 80% 80%
95%

Sheikh et al31

Vaccine effectiveness against COVID-19 mortality, two dose+booster 90% 90%
99%

Sheikh et al31

Cost per vaccine dose administered US$7 US$5–US$10 Public Citizen15

WHO16
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averted with the same parameter estimates ranged from 
7.8 million to 0.7 million, respectively (figure 2).

Considering an IFR of 1/1000 and a vaccine effec-
tiveness of 80% with the two-dose scenario, varying the 
cost-per-dose from US$5 to US$10 led to a range of cost-
per-death estimates of US$19 200 with a US$5 cost-per-
dose to US$38 400 with a US$10 cost-per-dose (figure 1).

Examining the implication of this parameter uncer-
tainty for the three-dose scenario, the cost-per-death 
averted ranged from US$7400 when IFR was 5/1000 
and vaccine effectiveness against mortality was 99% to 
US$81 500 when IFR was 5/10 000 and vaccine effective-
ness against mortality was 90% (figure 1). Deaths averted 
with the same parameter estimates ranged from 8.3 
million to 0.8 million, respectively (figure 2).

Considering an IFR of 1/1000 and a vaccine effective-
ness of 80% with the three-dose scenario, varying the 
cost-per-dose from US$5 to US$10 led to a range of cost-
per-death estimates of US$29 100 with a US$5 cost-per-
dose to US$58 200 with a US$10 cost-per-dose (figure 1).

Vaccine hesitancy analysis
For the two-dose scenario with base-case parameter esti-
mates, using excess mortality to estimate prior infections 
and number at risk, reducing vaccine uptake to 75% but 
keeping cost at 100% would avert 1.0 million deaths at a 
cost of US$25 900 per death averted. When considering 
a wide range of values for IFR and vaccine effectiveness, 
cost-per-death averted ranged from US$7200 when IFR 
was 5/1000 to US$71 700 when IFR was 5/10 000. Deaths 
averted with the same parameter estimates ranged from 
5.0 million to 0.5 million, respectively.

Table 3  Model results for total cost of global vaccination of low and lower-middle income countries (in billions US$), total 
deaths averted (in millions) and cost per death averted (US$)

Two dose scenario Three dose scenario

Total cost (US$, billion) US$35.52 US$61.21

Total deaths averted (million)

 � Using reported COVID-19 deaths to calculate prior infection 2.14 2.40

 � Using excess mortality estimates to calculate prior infection (and 95% CI)* 1.32 (0.87 to 1.97) 1.50 (1.02 to 2.22)

Cost per death averted (US$)

 � Using reported COVID-19 deaths to calculate prior infection US$16 700 US$25 500

 � Using excess mortality estimates to calculate prior infection (and 95% CI)* US$26 900 ($18 000 
to US$40,000)

US$40 800 (US$27 600 
to US$59 900)

The model assumes an IFR for pre-Omicron COVID-19: 5/1000, IFR for Omicron: 1/1000, cost per dose US$7, natural immunity protection 
against mortality 80%, vaccine effectiveness against mortality with two doses: 80%, vaccine effectiveness against mortality with three doses: 
90%
*95%1. 95% CI from excess mortality calculations from The Economist11

Figure 1  Sensitivity analysis looking at cost-per-death 
averted of vaccination in LIC/LMIC, ranging cost per vaccine 
dose, IFR and vaccine effectiveness against mortality in 
the two-dose scenario (first panel) and three-dose scenario 
(second panel). The y-axis shows cost-per-death averted 
in US$, the x-axis shows cost per dose of vaccine in US$. 
Solid lines show IFR of 5/10 000, dotted line shows IFR of 
1/10 000, and dashed lines show IFR of 5/1000. Dark red 
lines show baseline vaccine effectiveness (80% in two-dose 
scenario and 90% in three-dose scenario), and dark blue 
lines show high vaccine effectiveness (95% in two-dose 
scenario and 99% in three-dose scenario). IFR, infection 
fatality ratio; LIC, low-income country; LMIC, lower-middle 
income country.

Figure 2  Sensitivity analysis looking at deaths averted of 
vaccination LIC/LMIC, ranging IFR and vaccine effectiveness 
against mortality in the two-dose scenario (first panel) and 
three-dose scenario (second panel). The y-axis shows 
deaths averted, in millions. The x-axis shows IFR. dark red 
lines show baseline vaccine effectiveness (80% in two-dose 
scenario and 90% in three-dose scenario), and dark blue 
lines show high vaccine effectiveness (95% in two-dose 
scenario and 99% in three-dose scenario). IFR, infection 
fatality ratio; LIC, low-income country; LMIC, lower-middle 
income country.
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For the three-dose scenario with base case parameter 
estimates, using excess mortality to estimate prior infec-
tions and number at risk, reducing vaccine uptake to 75% 
but keeping cost at 100% would avert 1.2 million deaths 
at a cost of US$53 400 per death averted. When consid-
ering a wide range of values for IFR and vaccine effective-
ness, cost-per-death averted ranged from US$10 700 when 
IFR was 5/1 000 to US$107 700 when IFR was 5/10 000. 
Deaths averted with the same parameter estimates ranged 
from 4.7 million to 0.6 million, respectively.

All previously infected scenario
We finally considered a scenario in which Omicron 
infects 100% of LIC/LMIC population before vaccina-
tion is available, and all mortality risk occurs through 
reinfection. In this instance, the three-dose scenario with 
natural immunity protection against mortality of 80% and 
base-case parameters leads to a cost-per-death averted at 
US$115 000, with 0.5 million deaths averted.

When varying IFR and vaccine effectiveness against 
mortality, with a cost-per-dose of US$7 cost-per-death 
averted ranged from US$20 900 with an IFR of 5/1000 
and vaccine effectiveness against mortality of 99% and 
US$230 000 with and IFR of 5/10 000 and vaccine effec-
tiveness against mortality of 90%. Deaths averted with the 
same parameter estimates ranged from 2.9 million to 0.3 
million, respectively.

DISCUSSION
Our analysis suggests that scale-up of vaccination in LIC/
LMIC is achievable at justifiable cost, with cost-per-death 
averted estimates between US$7400 and US$81 500 for 
three doses of mRNA vaccine with a US$7 cost per dose. 
While the estimated cost-per-death averted in LIC/LMIC 
varies with estimated IFR and vaccine effectiveness against 
a given COVID-19 variant, all estimates of cost-per-death 
averted in our analysis are well below the commonly used 
estimates for the value of a statistical life (VSL), with 
accepted estimates ranging from €3.7 million in Sweden 
to $A7.3 million in Australia.27 28 Even though cost to avert 
a death rises at lower COVID-19 IFR, lower vaccine effec-
tiveness, and higher cost per dose, it is a fraction of the US 
2022 VSL estimates of US$4.9 million–US$15.9 million.29

Our current analysis focuses on the Omicron variant of 
COVID-19, a more transmissible but clinically less severe 
variant than those previously seen. When applying an 
IFR similar to that seen in previous variants of COVID-
19, the number of deaths averted would rise to over 
10 million and the cost-per-death averted would drop 
below US$10 000. If future variants of COVID-19 are 
more severe than Omicron, the imperative to vaccinate 
becomes more acute.

Our model does not account for demographic differ-
ences among regions, including age structure and the 
prevalence of comorbid conditions which could affect 
COVID-19 mortality. Our analysis also did not include 
limitations on the capacity of health systems, which 

could affect mortality beyond what we capture with IFR. 
In addition, we do not attempt to model disease trans-
mission dynamics, or include a temporal component in 
the model, so we assume anyone without immunity from 
vaccine or natural protection as of 13 December 2021 
retains their risk of COVID-19 mortality through 2022. 
This is a major limitation given the speed with which 
the Omicron variant of COVID-19 has been spreading; 
however, our analysis considering vaccination scale-up 
after the whole population has been previously infected 
still estimates a cost-per-death averted of US$115 000. 
Finally, our main analysis uses reported deaths or excess 
mortality estimates to estimate rates of prior infection 
with COVID-19, which are inexact measures especially for 
the regions of most concern. Nevertheless, they are the 
best available estimates to date.

Experts have proposed several plans to rapidly expand 
global COVID-19 vaccine production and delivery.15 17 18 
However, the international community has not yet invested 
the resources required nor displayed the political commit-
ment necessary to scale global vaccination. As a result, 86 
countries did not reach the WHO’s target of vaccinating 
40% of their populations by the end of 2021.30 This anal-
ysis shows that global vaccination can be undertaken for 
a fraction of the trillions of US$ already spent on global 
COVID-19 response, and would avert deaths for a cost 
well below recognised VSL estimates. Whether the invest-
ment of USA and other donor nations’ resources for 
global COVID-19 vaccination are worth spending for this 
endeavour depends on how we value the lives in LICs and 
LMICs.
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