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1. Summary of Available Evidence

1.1. Clinical Trial Data

Table S1 lists clinical trials for vaccines discussed in the paper.

In early stage clinical trials, lower dosages of COVID-19 vaccines were often found to stimulate

a strong NAb response, at least in non-elderly patients. Evidence on the immunogenicity of a range

of dose sizes of each vaccine is summarized in Table S2. Note that in some later trials, such as

those for JNJ-78436735 (Johnson & Johnson) and NVX-CoV2373 (Novavax), Phase 3 clinical

trials proceeded with the smaller of two dose options tested in early trials after those trials found

no statistically significant difference in immune response between the doses.

As discussed in the paper, Khoury et al. (10) find a “remarkably predictive” logistic relation-

ship between neutralizing antibody (NAb) levels and vaccine efficacy against symptomatic infec-

tion, with Spearman ρ of 0.905 (10). Authors base their analysis on publicly available data from

phase 1-2 clinical trials for NAb data and from phase 3 for vaccine efficacy for subsequently ap-

proved vaccines. We assume the relationship between immune response and efficacy holds for all

doses tested in phase 1-2 trials and plot additional points based on immune response for all doses

of currently used vaccines (Figure 1 in the main text). We use immunogenicity data from phase 1-2

trials that tested different doses (Table S2). Where available, we use the same studies referenced by

Khoury et al. (10). The exceptions were: the 25µg dose of mRNA-1273 (Moderna) (33); BBV152

(the vaccine developed and manufactured by Bharat Biotech, sold under brand name COVAXin)

(34); ChAdOx1 nCoV-19 (AstraZeneca-Oxford) (14).

We use the data from those trials to calculate the ratio of mean NAb levels for alternative

versus standard doses in each study. In some of the trials multiple age groups were tested, so

for consistency we always use in the denominator the NAb levels for standard doses among non-

elderly adults (under 55, 59 or 65 years old depending on the study). We then multiply the ratio

of alternative versus standard doses by the ratio of standard doses versus convalescents (reported

1



by Khoury et al. (10)) for each vaccine to make our estimates of efficacy comparable to those

calculated by the authors of the original study.

Our results show that for some vaccines, immune responses associated with high efficacy can

be obtained even with much smaller doses. For mRNA-1273 (Moderna), for example, doses 1/2

and 1/4 of the standard both have immune response levels associated with 90-95% efficacy, com-

pared to 94.1% initially reported in phase 3 trials (35) for the standard dose. For BNT162b2

(Pfizer) there is no significant decrease in NAb level for a 2/3 dose in non-elderly populations (al-

beit with a very small sample size), while NAb levels are associated with efficacy between roughly

70% and 85% for other dose-age combinations, compared to 95% initially reported in phase 3 tri-

als (36) for the standard dose. For other vaccines, we also sometimes observe unexpected trends,

where lower doses lead to NAb levels associated with higher efficacy (e.g., NVX-CoV2373 (the

vaccine developed by Novavax and not yet approved for distribution) and ChAdOx1 nCoV-19

(AstraZeneca-Oxford). While these results are not necessarily unrealistic, they may be a conse-

quence of limitations of the modeling approach or of uncertainty inherent in early-stage clinical

trials (especially the small sample sizes), or both.

1.2. Viral Variants

Recent studies have found a significant decrease in immune response from vaccines for newer

variants such as the Delta variant of concern, first detected in India in December 2020. A summary

of effectiveness studies is presented in Table S4. Here, we briefly summarise existing evidence on

effectiveness of vaccines against variants.

The purpose of this is two-fold: first, to provide a basic validation of the approach of deriv-

ing effect based on reductions in NAb levels we described above; second, to motivate choice of

parameters in the simulations.

Wall et al. (4, 37) use a live-virus SARS-CoV-2 neutralisation assay to determine NAb titres

for different variants in 250 participants from the Legacy study. They report a 5.8-fold reduction

in NAb levels after two doses of BNT162b2 (Pfizer) when comparing the wild type to the Delta

variant and 2.6-fold decrease when comparing Alpha to wild type. This implies a 2.2-fold reduction

between Alpha and Delta (5.8/2.6=2.2).

Other studies report the variation in vaccine effectiveness for different variants. Bernal et
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al. (11) report estimates of effectiveness against symptomatic infection using observational

data on vaccinated individuals in the UK and conclude that effectiveness against the Alpha

variant for BNT162b2 was 94%, dropping to 88% for the Delta type, for ChAdOx1 nCoV-19

(AstraZeneca/Oxford) the drop is from 75% to 67%. Sheikh et al. (38) analyse data from Scotland

and report a decrease in effectiveness against symptomatic infection from 92% with the Alpha

variant to 83% with the Delta variant for BNT162b2, and from 81% to 61% for ChAdOx1

nCoV-19.

Combining both types of data provides some measure of external validation of Khoury et al.’s

model from Figure 1. For example, according to the model, a decrease in efficacy from 92% to

83% (38) is associated with a 2.2-fold drop in NAb levels; a decrease from 94% to 88% (11)

is associated with a 2.0-fold drop. We can see that these values are comparable to the 2.2-fold

drop reported in (4). Moreover, focusing on the Delta variant alone, Wall et al. report a 2.5-

fold drop in NAb levels from ChAdOx1 nCoV-19 when compared to BNT162b2 (37). Sheikh

et al. report a 83% effectiveness for BNT162b2 against Delta while ChAdOx1 nCoV-19 is 61%

effective. In Khoury et al.’s model, this is associated with an 3.1-fold drop in NAb levels, once

again comparable to the decrease reported in observational studies.

1.3. Immune Escape Risk

While dates of earliest documented samples for all six WHO variants of concern (Alpha, Beta,

Gamma, Delta) or interest (Mu, Lambda) range from May 2020 to January 2021 (Lambda variant

in Colombia), that is, before widespread vaccination campaigns, one serious concern about dose

sparing strategies for COVID-19 is that they might contribute to development of more dangerous

variants of SARS-CoV-2 (39). (This has been discussed especially in the context of delaying vac-

cination with the second dose, which several countries decided to do in early 2021.) In particular,

some experts believe that dose sparing can contribute to immune escape risk due to large number

of partially immune vaccinated individuals (40).

However, as others have pointed out, in the case of SARS-CoV-2 characteristics of virus and

data on response to first doses (especially reduced viral loads in infected individuals) of currently

available vaccines suggests prioritising “breadth of vaccine coverage, rather than strength of im-

munity” (41). Similar conclusions have been presented by both a perspective article and a recent
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modeling study assessing epidemiological impacts of immune escape (42, 43). The New and

Emerging Respiratory Virus Threats Advisory Group (NERVTAG), a scientific advisory group to

the British government, analyzed earlier this year (44) the risk of immune escape and concluded

that although the risk of immune escape from delaying a second dose should be considered, it is

likely small, especially in comparison to other sources of immune escape such as therapeutics and

natural infection. Recent non-peer-reviewed article also suggests that the mutation rate of the Delta

variant has also been lower in countries with higher vaccination rates (45).

Since likelihood of evolution of more dangerous variants depends both on number of individu-

als immune (leading to higher evolutionary pressure) and number of infections (leading to higher

number of mutations), assessing the absolute risk is difficult and multifactorial (also dependent

on e.g. stringency of non-pharmaceutical interventions). Thus we do not model these risks here.

Regardless of the assessment of absolute level of risk there seems to be a broad agreement between

different authors that more equitable vaccine distribution would help alleviate the risk.

2. Epidemiological Simulations

2.1. Epidemiological Model

Since the evidence on alternative dose efficacy is not dispositive, we model the potential impact

on the pandemic of a range of efficacy levels using a standard epidemiological model. The model

we use extends the canonical susceptible-exposed-infectious-recovered (SEIR) model, which is

widely used in mathematical epidemiology to characterize the spread of an infectious disease in

a closed population (46, 47). The SEIR model assumes individuals flow between disease and

vaccination states over time, with sizes of population in each state changing according to a set of

differential equations. We extend the canonical SEIR model to allow for death and vaccination

(which is ineffective for some individuals), yielding the following equations:

Ṡi(t) =−λi(t)Si(t)− vi(t)δiS̃i(t) (1)

Ėi(t) = λi(t)[Si(t)+Ni(t)]− γ
′Ei(t) (2)

İi(t) = γ
′Ei(t)− γ

′′
i Ii(t) (3)

Ḋi(t) = piγ
′′Ii(t) (4)

4



Ṙi(t) = (1− pi)γ
′′Ii(t)− vi(t)δiR̃i(t) (5)

Ṗi(t) = vi(t)δi
[
eS̃i(t)+ R̃i(t)

]
(6)

Ṅi(t) = vi(t)δi(1− e)S̃i(t)−λi(t)Ni(t). (7)

Dots denote derivatives with respect to time. Uppercase letters denote population compart-

ments (i.e., the fraction of the population in a given state): S for susceptible, E for exposed (in-

dividuals carrying the virus, but who are not yet contagious), I for infectious, R for recovered,

D for dead, P for protected by vaccine, and N for vaccinated but not protected. The population is

divided into G age cohorts, indexed by i = 1, . . . ,G, with respective sizes ni. Subscripting compart-

ments by i allows for different epidemic evolution across age cohorts. Tildes denote the size of the

compartment in proportion to both compartments receiving vaccines (susceptible and recovered)

i.e.,

S̃i(t) =
Si(t)

Si(t)+Ri(t)
(8)

R̃i(t) =
Ri(t)

Si(t)+Ri(t)
. (9)

Figure S1 depicts the population flows between the compartments described in equations (1)–

(7). For simplicity, we consider the case of either a single dose vaccine or a two-dose vaccine where

efficacy does not change between doses. Lowercase letters denote model parameters governing the

evolution of compartments. All parameters except e are age-specific, as denoted by subscript i. γ ′

and γ ′′ are, respectively, the hazard rates of moving from exposed to infected and from infected

to recovered or dead. These are estimated as the reciprocals of the durations of the virus’s incu-

bation period and of the infectious period, respectively. The rate of new infections equals λi(t),

described in further detail below. Parameter pi is the mortality risk. Vaccine efficacy, denoted e, is

the probability the vaccine protects from infection. The model makes no distinction between the

vaccine’s efficacy (performance measured in clinical trials) and effectiveness (performance in prac-

tice in the population); e is used to denote both interchangeably. We assume recovered individuals

(compartment R) are perfectly protected by vaccination and that exposed or infectious individuals

(compartments E and I) are not vaccinated.
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To account for vaccine prioritization, we introduce an indicator variable vi(t), switching from

0 to 1 on the day age cohort i becomes eligible for vaccination and to 0 again at the point where

all willing members of the cohort have been vaccinated. Reflecting common practice, we assume

older cohorts must finish vaccinations before the next cohort becomes eligible. When vi(t) = 1, age

cohort i is vaccinated at a constant rate δi, drawing on a continuous stream of vaccine production

from a given capacity. To keep track of cumulative doses distributed, we introduce the auxiliary

compartment V , where V̇i(t) = δivi(t), and where V (t) is the proportion vaccinated in the entire

population.

The rate of new infections, λi(t), depends on the number of daily contacts a susceptible in-

dividual has with currently infectious individuals. To reflect differences in interaction across age

cohorts, we use a contact matrix C, where entry c(i, j) ≥ 0 denotes the number of contacts made

by an individual in cohort i with an individual in cohort j. To derive the proportion of each age

group infected at time t, each contact is scaled by the probability of virus transmission on contact,

q, and probability that the contacted person is infected, I j(t), yielding

λi(t) = q
G

∑
j=1

c(i, j)I j(t). (10)

For a given C, q can be adjusted to match any desired reproductive number R for the virus (i.e., the

number of secondary cases produced by a single infection).

The initial conditions of the system (1)–(7) require specifying the proportion of the population

that is susceptible S(0), immune R(0), and infectious I(0) at the outset of the epidemic. We

generally take I(0) to be small and for simplicity take E(0) = I(0). We assume that the proportion

of each age cohort in each initial compartment is the same as in the overall population.

2.2. Initial Conditions

We run simulations for three illustrative epidemic scenarios designed to span a range of cases. The

slow decrease scenario sets the initial effective reproduction rate to R= 0.99 and initial infectious

proportion to I(0) = 1%. Since we assume 20% of pre-existing protection in people aged 20

and over, the initial effective reproductive number R is lower than R0, the basic reproductive

number in a fully susceptible population. The slow decrease scenario may capture a situation in
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which non-pharmaceutical interventions (NPIs) are introduced following an epidemic wave but

are only effective enough to decrease cases slowly. The slow growth scenario sets R = 1.1 and

I(0) = 0.5%, perhaps reflecting a situation in which NPIs are not effective enough to prevent a

subsequent wave of infections, such as the one experienced by the United States in late 2020. The

fast growth scenario sets R = 2 and I(0) = 0.1%, e.g., a case when a new virus strain suddenly

emerges, thwarting previously effective NPIs (such as the one observed in the United Kingdom in

December 2020, or the emergence of the P.1 variant in Brazil in late 2020 (48). In both growth

scenarios, I(0) is adjusted so that the peak of infections occurs three to four months from the start

of vaccinations.

We choose parameters for initial immunity that broadly reflect the state of the COVID-19

pandemic in early 2021. We assume 20% of people aged 20 and over have immunity acquired

from infection, leaving 80% susceptible. To reflect the lower clinical case rate in the younger

population (49, 50), we assume only 50% of under 20s are susceptible.

2.3. Parametrization

Each simulation runs for T = 365 days. This is sufficient time for the epidemic to die out in the

scenarios considered but, we assume, not long enough for unmodeled factors to come into play,

such as the alleviation of supply constraints with expanded capacity or the waning of vaccine

protection from initial doses, perhaps warranting booster shots. Similarly, we assume that there is

no natural loss of immunity (no flow from recovered to susceptible) during the simulation period.

While the simulation period is 1 year, in all epidemic scenarios most infections happen within the

first months of the period. For example, for the fast growth scenario the share of infections that

happen within the first 4 months is approximately 100%, while for the slow growth scenario this

falls to approximately 50%.

We use a social contact matrix c(i, j) based on a large cross-country study of contacts between

different age groups, primarily in European countries (51). Our matrix is therefore more repre-

sentative of high-income countries, but we are not aware of comparable data on social mixing in

low-income countries. Cohort size (ni) and mortality risk (pi) for different age cohorts is consis-

tently based on data for high-income countries. Throughout the age distribution, the risk of death

from COVID-19 increases rapidly with age, about three-fold per decade (52).
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The model assumes that contact frequencies are independent of infection risk, precluding be-

havioral changes in response to changes in infection risk as the epidemic progresses. We also

assume that epidemics always have a single peak and fade out when the virus’s effective repro-

ductive number satisfies R ≤ 1, which happens when a sufficiently high fraction of population is

protected, either by vaccination or recovery from natural infection.

The base case for vaccination is a 95% effective vaccine, when used as tested in Phase 3 trials

(standard dosing, with a delay between two doses). We assume that those under 20 (constituting

22% of population in our base case simulations) receive no vaccination. To account for vaccine

hesitancy, we assume 20% in each age group refuse vaccination. We assume that the vaccine

becomes effective 10 days after it is administered. We achieve this by treating vaccinated compart-

ments in the model as “effectively vaccinated”. Hence if vaccinations in a given age group start of

day t1 and end of t2, we start the flow into vaccinated compartments on date t1 +10 and stop it on

t2 +10.

As of early May 2021, countries were vaccinating at a median rate of approximately 0.25% of

the population per day (53), our base case immunization speed. At the high end, countries such

as the United Kingdom, United States, Canada, Chile, and Israel have all managed to vaccinate at

rates well above 0.8% of the population per day; however, the median global rate of vaccination (as

of September 27, 2021) is approximately 0.25% similar to what was observed in May 2021 when

we ran our simulations (53). Thus, at a global level, supply rather than delivery logistics or demand

(e.g., vaccine hesitancy) seem likely to constrain full vaccination well into 2022, and perhaps for

considerably longer. This is also supported by manufacturing forecasts (54). Therefore, we can

expect vaccine supply to be a constraint during the critical infection period of our simulation.

Accordingly, our model is intended to apply to contexts in which vaccination rates are con-

strained primarily by the available supply. While this may not apply for some countries, this seems

broadly to be the case globally in the sense that increases in vaccine supply could effectively be

used. The model could be extended to consider other scenarios where, for example, delivery con-

straints might at some point be binding.

Additionally, while we treat efficacy as a scalar, in reality it is multidimensional: vaccines may

differ in efficacy against different variants, in duration of protection, or in their protection against

infection and disease.
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2.4. Simulation Method

We generate a simulation run for each configuration of parameters by finding the deterministic

solution of the differential-equation system consisting of these equations (1)–(7) using standard

numerical methods. We solve all differential-equation systems using the odin package, version

1.0.8, and generate exhibits using R, version 4.0.2. All code used in this project is available at

https://github.com/wwiecek/covstretch.

Figure S2 illustrates the evolution of vaccinations and infections for the various epidemic sce-

narios and vaccination rates analyzed. With no vaccination, we find that from 8% (slow decrease

scenario) to 55% (fast growth scenario) of the population get infected during the simulation period.

Individuals aged 20 to 49 are responsible for between 55% and 59% (depending on the scenario)

of all infections, assuming no vaccine. This is consistent with recent estimates (55) that three quar-

ters of infections in the US originated from individuals in that age bracket (albeit in a period with

school closures).

The outcome variables for our simulations are the burden of infection, defined as the proportion

of the total population that develop new infections during the simulation period, and the burden of

death, defined as the proportion of the total population that die during the simulation period.

2.5. Simulations

We consider the case in which the pace of immunization is subject only to a supply constraint,

therefore the vaccination rate is proportional to the reciprocal of dose size. So, for example, using

half rather than full doses would double the vaccination rate. We analyze the impact of alternative

dosing on the burden of infections and deaths while varying three variables: dose fractions, efficacy

reductions associated with moving to alternative dosing, and epidemic scenarios.

We run scenarios with two different baseline assumptions for vaccine efficacy with full dose

vaccine efficacy. First we assume that a full dose has 95% efficacy, compatible with the verified

efficacy of mRNA vaccines. Second, to account for the overall drop in effectiveness against some

viral variants we repeat our analysis assuming a 70% efficacy for full doses. (This case can also be

used to evaluate less effective vaccines in general.)

In order to make the 95% and 70% cases comparable, we define alternative doses efficacy

in terms of relative reduction in NAb levels compared to the baseline. To do this, we follow
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the previously-cited model by Khoury et al.. This allows us to make a “fair” comparison, since

comparable fold-reductions in NAb titres will have different impacts on efficacy, due to the concave

shape of the curve in Figure 1 in the main text. For example, if starting from the base case of 95%

efficacy, a 5-fold reduction in NAb titres is associated with a drop of efficacy to 76%. If starting

from 70%, a 5-fold reduction in NAb is associated with efficacy of 34%.

We use ratios of 1, 0.8, 0.4 and 0.2 (1.25, 2.5, 5-fold reductions respectively) to derive the

new results. For comparison with measured data, the NAb ratios for fractional doses among non-

elderly adults range from 0.43 (1/3 dose of BNT162b2) to 0.91 (1/2 dose of mRNA-1273), the

exact values are presented in Table S2. Therefore, despite the exploratory nature of this approach,

we find it illustrative to consider a ratio of 0.8 (1.25-fold reduction) with 1/2 dose and a ratio of 0.4

(2.5-fold reduction) with 1/3 dose to guide intuition on expected impact of using alternative doses.

5-fold reduction may correspond to using much lower doses than what was previously tested in

dose ranging studies. The results are shown in Figure S3 and summarised in Table 1 of the main

text.

We find that for a 95% efficacious vaccine the burden of mortality relative to status quo (risk

ratio) is 0.55-0.79 with 1/2 dose and 0.8 NAb ratio and 0.41-0.72 with 1/3 dose and 0.4 NAb ratio,

suggesting large benefits of switching to fractional dosing. The ranges correspond to different

epidemic scenarios. With 70% baseline efficacy we find a higher but still lower than the status quo

relative burden, of 0.69-0.82 with 1/2 dose and 0.8 NAb ratio and 0.68-0.83 with 1/3 dose and 0.4

NAb ratio (drop to 49% efficacy).

3. Differential Vaccine Impact on Mortality and Infection

The initial SEIR model assumes that efficacy of the vaccine against mortality was the same as

against infection. However, observational data for multiple vaccines (including mRNA) suggests

a differential impact on deaths and infection (and therefore transmission). Therefore we modify

the model by adding extra compartments, allowing for differential efficacies against infection and

death. A reproducible version of this simple calculation are available in the code repository we

referenced earlier.

Let us focus on reducing mortality as the primary objective of a vaccination program and use

the fast growth scenario from earlier simulations. In an extreme (and purely theoretical) case,
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vaccines have no impact on infection, while providing very good protection against death. In other

words, there are no indirect benefits of vaccination and herd immunity can never be achieved.

Conversely, when the impact on infection is high, indirect benefits eventually start to outweigh the

direct ones.

However, in the current pandemic setting the indirect benefits also depend on speed of vacci-

nations in relation to infection risk. If only a low proportion of the population can be vaccinated

during the exponential growth phase of the epidemic, the impact of infection is low. We illustrate

this in Figure S4, where we assume 95% efficacy against mortality and varying efficacy against

infection from 0% to 95% (differently coloured lines) and speed of vaccination (x axis). For sim-

plicity we use the fast growing epidemic scenario, but the overall result carries across all scenarios.

We find that at lower vaccination speeds like 0.1 to 0.25% per day (similar to the speed in

many lower and middle income countries) the direct effects will outweigh indirect effects. This

can be seen in the right panel of Figure S4 (mortality rate), where the lines (corresponding to

different levels of sterilising immunity) do not diverge until higher vaccination rates (>= 0.50%)

are reached. For example, at 0.25% vaccinated per day we have 54% infected if there is no impact

on infection and 45% if the level of protection is 95%. In terms of mortality, we find 17 deaths per

10,000 if there is 50% efficacy against infection, 16 if 95%, and 20 if 0%. We should note that the

absolute benefits are very sensitive to the assumption of how far in the future the peak of infections

is: here we assume that it is about 3 months as per the fast epidemic growth scenario depicted in

Figure S2.

4. Increase in Vaccine Supply from Fractional Doses

While it is hard to predict with precision the increase in supply resulting from the adoption of

alternative doses, we present a range of estimates based on the projected supply in 2021 for some

of the main vaccines being currently distributed. The results are shown in Table S3.

We use the best projections currently available for vaccine supply in 2021. This includes data

from press releases (56, 57) and third-party publications (58, 59) when up-to-date information

directly from the manufacturers is not available. This leads to an expected supply for 2021 of

3 billion doses for BNT162b2 (Pfizer), 800 million doses for mRNA-1273 (Moderna), and 2.1

billion doses for ChAdOx1 nCoV-19 (Oxford/AstraZeneca).
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We combine the projected supply with the number of doses already delivered according to

official statements from vaccine developers UNICEF (60–62) (as of September 3, 2021). We

subtract doses delivered from projected supply and assume that the remaining quantity will be

delivered uniformly during the remaining months of the year. Based on these values, we estimate

the number of extra doses that would be generated with the adoption of alternative dosing regimens,

as shown in Table S3.

The dosing regimens represented here capture a range of scenarios with varying degrees of

optimism. We include only dose sizes that demonstrate NAb levels correlated with high efficacy or

comparable to the efficacy of the standard dose in our initial analysis (Figure 1). We observe that

for the scenarios considered here, it is possible to produce 450 million to 1.55 billion extra doses

per month in the last quarter of 2021.

5. Global Vaccine Supply

5.1. Existing Estimates

A recent analysis by UNICEF estimates global manufacturing capacity of 41 billion doses in 2022,

of which 22 billion is for currently approved vaccines (63). A shorter-term analysis by Airfinity

(dated September 5th, 2021), using production-facility data to focus on production rather than

capacity, projects that the global vaccine stock will reach levels sufficient to vaccinate 80% of the

global population above the age of 12 by the end of 2021 (54).

UNICEF’s projections of manufacturing capacity provide an optimistic view on vaccine supply.

Their estimates are based on planned capacity as reported by manufacturers, which may never be

fully realized. UNICEF acknowledges that “the capacity does not account for vaccine probability

of success and may project a highly optimistic view of the potential supply” (63). Airfinity’s

projections use production-facility data instead of reported capacity to address this issue. However,

these estimates may still be overly optimistic. First, Airfinity’s projections include Novavax, which

has not yet been approved by major regulatory agencies. Second, they do not consider potential

production shocks as all approved vaccines are assumed to be produced at a steady rate, based on

current levels, and face no delays in production. Third, the use of doses as boosters and wastage

of vaccines are also not considered. These assumptions have implications on the global balance

between supply and demand.
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Whatever the global supply, several other arguments can be offered for the per-capita supply

within certain countries lagging the global average. Airfinity’s projections treat vaccines as ex-

changeable and do not account for efficacy differences or logistical issues such as differential cold

chain requirements, which may make the use of some vaccines less feasible in some countries. A

high percentage of doses are contractually committed to a small subset of countries (64). Therefore

focusing on aggregate global supply estimates alone can create an overly optimistic projection of

when all countries (in particular low-income countries) will have adequate vaccine supply.

Some projections, e.g. by the World Bank and IMF-WHO, adopt a country-based approach

(64, 65). The World Bank’s estimates project administration of doses and are based on current

delivery schedules for COVAX, bilateral deals, and dose sharing agreements. For LICs and LMICs

these estimates are significantly more pessimistic than Airfinity’s analysis would suggest. For

example, Kenya, Nigeria, and Ethiopia are expected to vaccinate only 21%, 20%, and 16% of

their population by the end of 2021, respectively, according to the World Bank analysis. However,

World Bank’s projections do not account for potential future donations or potential new bilateral

deals between LMICs and vaccine manufacturers. Additionally, they project dose administration,

not deliveries or production. The IMF-WHO Covid-19 tracker follows a similar methodology,

but includes all current commitments of bilateral deals, COVAX and donations without taking

into account a timeline for delivery. Their estimates suggest that vaccines secured to date (even

including those arriving after December 2021) will be sufficient to fully vaccinate only 28.5%,

25%, and 16.5% of the population of Kenya, Nigeria, and Ethiopia.1

5.2. Supplementary Analysis of Global Supply

In order to account for both possible future donations and likely demand for boosters, we use a

simple country-level model to predict how long it will take all countries to obtain enough supply

to vaccinate 80% of their population aged 14 or older, allowing for differential access as a function

of income level.2 We predict vaccination rates from October 2021 onwards, using data on current

1This assumes all individuals receive vaccine regimes that require two doses for full vaccination.
2Airfinity’s projections assume all unused doses are donated but do not account for boosters. The World Bank’s

estimates include demand for boosters but consider only limited donations based on current dose sharing agreements.
We consider a realistic demand for boosters as well as all the excess supply from HICs. As detailed further in the text,
we apply a reduction factor to the remaining supply from HICs since we assume countries will retain some for their
own future use, and some doses will be wasted.
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vaccination levels to project future demand for both booster and primary doses in each country.

For primary vaccination, we assume demand consists of the difference between current doses

administered and the number of doses required for countries to achieve the target of 80% full vacci-

nation of population aged 14 or older. For boosters, we assume all vaccinated individuals in HICs,

as well as those not in HICs who received a primary series of Sinovac, CanSino or Sinopharm, will

eventually receive boosters, resulting in a total demand for boosters of approximately 2.3 billion

doses. This corresponds to roughly 30% of the global population receiving booster shots. We

assume a constant monthly rate of supply over the period of our analysis (6 months), or approxi-

mately 380 million booster deliveries per month.

Forecasted monthly supply combines COVAX estimates and non-COVAX doses based on

Airfinity’s projections. For COVAX, we assume doses are distributed proportionally to each coun-

try’s population size (excluding high income countries), until 20% of the population is fully vacci-

nated, reflecting COVAX’s allocation mechanism. This accounts for 1.1 billion doses from Octo-

ber 2021 to the end of March 2022. For non-COVAX supply (production estimates from Airfinity

minus COVAX), we distribute available doses proportionally to country-level demand for primary

vaccination series, up to the point where all countries have administered the primary series for 80%

of their population aged 14 or older. This results in a total of 2.4 billion doses for primary series,

which would become available over the next 6 months. We assume strict prioritization according

to countries’ income levels. Our model implicitly accounts for donations by allocating all of non-

COVAX supply and allowing countries to receive leftover doses from higher income groups. We

assume that only 50% of doses not used by HICs will be used in lower income countries during

the modeled period (consistent with projections from Airfinity for excess supply in G7 countries

(66)).

We find that all countries will reach adequate supply to vaccinate 80% of the population older

than 14 years old3 by the end of February 2022. We note that these estimates only consider a supply

perspective, not the administration of doses once supply is available.4 It also depends on richer

3We use data from Our World in Data (OWiD) to derive country-level demand, which groups together individuals
aged 15-24. OWiD is our preferred source as it is compatible with other datasets we use (e.g. on current vaccination
trends).

4In contrast to the estimates presented in Section 4, the data sources used here do not break down projections by
vaccine manufacturer. For this reason, we are not able to estimate how adopting fractional dosing approach would
impact the forecasts presented in this section.

14



countries moving forward with vaccine donations, which they may or may not do. With reduced

or delayed donations of vaccines that HICs have procured, repurposing of production facilities

for new vaccines against variants of concern, increased demand for boosters (e.g. in South Asia)

and also with vaccination of younger children, which seems imminent, this date could be pushed

further back.

15
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Figure S1: Compartment Flows in Epidemiological Model. Model described by Equations (1)–(7). Solid black
lines reflect virus model and dashed lines vaccination. The full model has separate compartments for each age group
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Table S1: Summary of Clinical Trials for COVID-19 Vaccines.*Trial reports immunogenicity at least three weeks
after dose administration, before a second dose (if planned) has been administered, and has a comparable outcome (in
terms of age group, dose, and day measured) for second doses. **Treatment arms also included groups in which each
vaccine dose arm was administered with and without 50µg of Matrix-M adjuvant.

Vaccine Phase Date posted 1st
dose
re-
sults*

Doses Dose
interval

(days)

Treatment arms Age
group

N Clinical
trials.gov
number

ChAdOx1
nCoV-19

1/2 3/27/2020 Yes 2 28, 56 • 1× 5e10 v.p.
• 2× 5e10
• 5e10, 2.2e10
• 5e10, 3.5-6.5e10

18-55 1090 NCT04324
606

1/2 6/23/2020 No 2 28 2× 5-7.5e10 v.p. 18-65 2130 NCT04444
674

2/3 5/26/2020 Yes 2 28-42 • 1× 5e10 v.p.
• 2× 3.5-6.5e10
• 5e10, 2.2e10
• 5e10, 3.5-6.5e10

18-70+ 12390 NCT04400
838

3 9/2/2020 Yes 2 28-84 • 1× 5e10 v.p.
• 5-10, 3.5-6.5e10

18+ 10300 NCT04536
051

JNJ-
78436735

1 6/18/2020 Yes 1 n/a • 1× 5e10 v.p.
• 1× 1e11

18-55 25 NCT04436
276

1/2a 6/18/2020 Yes 2 56 • 1× 5e10 v.p.
• 2× 5e10
• 1× 1e11
• 2× 1e11

18-55,
65+

1085 NCT04436
276

3 8/10/2020 Yes 1 n/a 1× 5e10 v.p. 18+ 44325 NCT04505
722

mRNA-
1273

1 2/25/2020 No 2 28 • 2× 25µg
• 2× 50
• 2× 100
• 2× 250

18+ 120 NCT04283
461

2a 5/28/2020 No 2 28 • 2× 50µg
• 2× 100

18+ 660 NCT04405
076

NVX-
CoV2373**

1/2 4/30/2020 Yes 2 21 • 2× 5µg
• 2× 25
• 5, 25

18-59/
18-84

131/
1500

NCT04368
988

BNT162b2
1 4/20/2020 No 2 21 • 2× 10µg

• 2× 20
• 2× 30
• 2× 100

18-55,
65-85

195 NCT04368
728

2/3 4/20/2020 No 2 21 30µg 12-15,
16-55,
55+

43548 NCT04368
728
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Table S3: Increase in Vaccine Supply from Fractional Doses. Panel 1 shows the total supply projected for 2021.
Panel 2 shows the number of doses already delivered by July 2021. Based on the previous values, panel 3 shows the
projected baseline supply per month for the remaining 4 months of the year. Finally, panel 4 shows the size of the
alternative dose relative to the standard used to estimate the number of extra doses shown in panel 5, where we assume
fractional doses would be adopted starting in October.

BNT162b2
(Pfizer)

mRNA-1273
(Moderna)

ChAdOx1 nCoV-19
(Oxford/AstraZeneca)

Total

1. Projected Supply in 2021 (billions of doses)

3.00 0.80 2.10 5.90

2. Doses Delivered by September 2021

1.30 0.20 1.10 2.60

3. Projected Baseline Monthly Supply (billion doses/month) = [1]−[2]
4

0.43 0.15 0.25 0.83

4. Dose Regimen (relative to standard) 5. Extra Doses
(billions/month)

1/3 1/4 1/2 1.55

2/3 1/2 1/2 0.61

2/3 1/2 3/4 0.45
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Table S4: Comparison of Efficacy and Effectiveness Data for COVID-19 Vaccines. Values represent point es-
timates of efficacy and effectiveness. Efficacy against symptomatic infection is derived from phase 2/3 trials data.
Estimates of effectiveness against symptomatic infection, hospitalization and death come from various observational
studies. Viral variants referred to as "non-VOC" includes all variants that are not classified as Variant of Concern,
therefore excluding B.1.617.2, B.1.1.7, and B.1.351.
*Study combines data from individuals vaccinated with both BNT162b2 and mRNA-1273.
**Estimates include occurrences of either hospitalization or death.
***Estimates include occurrences of any severe, critical or fatal disease.

Vaccine Efficacy Effectiveness

Symptomatic
Infection

Source Location Variant Symptomatic
Infection

Hospitalization Death Source

ChAdOx1
nCoV-19

64% (71) UK

Scotland

B.1.1.7
B.1.617.2
B.1.1.7
B.1.617.2
B.1.1.7
B.1.617.2

75%
67%

81%
61%

86%
92%

(11)

(12)

(38)

CoronaVac 51%
84%

(72)
(73)

Chile Various 66% 88% 86% (13)

BNT162b2 95% (36) UK

Scotland

Israel
Qatar

B.1.1.7
B.1.617.2
B.1.1.7
B.1.617.2
B.1.1.7
B.1.617.2
Various
B.1.1.7
B.1.351

94%
88%

92%
83%
97%
90%
75%

95%
96%

97%
100%
100%

97%
100%
100%

(11)

(12)

(38)

(74)
(75)

mRNA-
1273

94% (76) USA
Canada

Qatar

Various
B.1.1.7
Non-VOC
Various
B.1.617.2

94%
91%
91%
99%
86%

94%**

96%**

96%***

100% 100%

(77)*

(78)
(78)
(79)
(80)
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