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This research estimated the optimal size and composition of the portfolio, and its benefit-cost ratio, of
COVID-19 vaccines that Colombia should negotiate as a price-taking country. The Advance Market
Commitments (AMC) mathematical model was applied using the parameters from the Colombian context
and from a literature review. The findings indicate that the optimal portfolio of Colombia should include
13 vaccines, mainly from two platforms: i) RNA and ii) inactivated virus. The benefit-cost ratio was
always greater than one in the baseline scenario and after performing many sensitivity analyses on
parameters such as the percentage of the population at risk, the price per treatment, and the herd immu-
nity threshold, among others. In a context of high uncertainty, the best decision — with high benefit - is to
anticipate the negotiation processes with the providers of COVID-19 vaccines, which will generate pos-
itive economic and health impacts.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Fundamental issues in implementing public health programs
against COVID-19 are a good understanding of the disease and its
transmission, developing an adequate vaccine, rigorous epidemio-
logical surveillance mechanisms, and political commitment to
equity of access and funding (which are the result of history, cul-
ture, and laws), among other factors of social relevance [3,29].

Vaccination has become a central axis to combat the pandemic.
Accessing vaccines as early as possible reduces the population’s
morbidity and mortality, while allowing economic recovery
[5,13]. However, vaccine development is a scientific challenge
which may take several years and requires investments of millions
in the production process, without guaranteeing 100 % success
[15,25].
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According to Michael Kremer, a winner of the Nobel Memorial
Prize in Economic Sciences, and his collaborators, society will ben-
efit significantly if the pharmaceutical industry can be encouraged
to increase its manufacturing capacity while simultaneously
advancing linical trials that establish the safety and efficacy of vac-
cines in development [2].

Different models on the spread dynamics of the COVID-19 dis-
ease outbreak have been estimated, showing its devastating effects
on humans and society [10,18,28], and therefore governments play
a leading role as facilitators of these types of options and promot-
ers of possible initiatives to accelerate the manufacturing develop-
ment of COVID-19 vaccines.

The economic impacts of a lack of access to vaccination or any
health technology that allows the nation to combat COVID-19
may mean the materialization of bigger risks for the economy of
a country like Colombia. This country has a high rate of informal
labor, limited health system funding, and more than 50 % of its
population under the subsidized health insurance regime - with
participation increasing given the double-digit unemployment

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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rate, a pronounced fall in the Gross Domestic Product (GDP), and
the devaluation of the Colombian peso (COP) against the dollar,
among other conjunctural factors [9].

Given this scenario, Colombia has joined COVAX, a multilateral
mechanism that offers equitable access to safe and effective vacci-
nes, as a way to access vaccines to immunize 20 % of the population
[6]. Nevertheless, despite its valuable advantages, it has certain
limitations, such as: i) the possibility that doses acquired in this
way will be delivered after manufacturers have attended direct
negotiations with countries, and ii) the fact that no additional
doses will be delivered beyond the stated 20 % until all countries
participating in the mechanism have met their needs.

For this reason, and given the uncertainty about effectiveness
and safety in the development of health technologies that allow
the problem of COVID-19 to be addressed [5,13], it was necessary
to analyze options for bilateral anticipation (agreement) in vacci-
nation, with the aim of obtaining gains in health and economic out-
comes for the population of the Colombian territory.

In a risk management framework, studying possible scenarios
of an investment strategy in manufacturing capacity for the pro-
duction of this health technology is vital for decision-making in
an environment with little evidence and high uncertainty about
the probabilities of success of the various COVID-19 vaccines [19].

From a holistic perspective, this kind of approach that evaluates
the return on investment of early access to vaccines against
COVID-19, along with effective communication processes and soci-
etal participation, in addition to adequate financing by the state,
can contribute to the construction of positive scenarios regarding
people’s quality of life [22].

Thus, this research paper’s main objective was to estimate the
model AcceleratingHT for the Colombian context, making use of
different sources of information available from the Colombian Gen-
eral System of Social Security in Health (SGSSS, by its Spanish acro-
nym). This mathematical model allows the authors, even with
some limitations, to estimate the relationship between the benefit
and cost of investing in a portfolio of vaccines through acquisition
via bilateral purchases, which supports the advancement of the
vaccination process.

The application of the mathematical model for Colombia pre-
sented here was developed at the beginning of the year 2021, in
a scenario with high uncertainty and little information on progress
in negotiations, vaccine prices, and their clinical effectiveness. This
mathematical application was a key input for the construction and
updating of the National Vaccination Plan (against COVID-19) of
the country of Colombia, with more than 50 million inhabitants.

Method and data

From the perspective of economic theory, circumstances may
arise that motivate strategic market players (such as the pharma-
ceutical industry) to accelerate COVID-19 vaccine development
and increase manufacturing production capacity so that vaccines
will be available in the shortest possible time for the largest num-
ber of people (restricted to certain conditions and scenarios) [17].

Understanding the complexity involved in vaccine development
and the challenges of socio-economic development that it implies,
from the beginning of the twenty-first century a prominent group
of economists, led by Professor Kremer, began to devise incentive
systems, on the part of the funders (governments or blocks of
them, i.e. the European Union), to motivate investment in research
and development (R&D) by the pharmaceutical industry.

This initiative led to the construction of the mathematical
model 'Advance Market Commitment’ (AMC), an initiative built
and applied by professors from Harvard, Pennsylvania, and Stan-
ford, among other research centers, due to the need to tackle the
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COVID-19 pandemic. It is considered a unique and innovative
approach and is a novel vision that has no antecedents in the
related international literature, since optimization of the vaccine
portfolio had never before been studied from such a perspective.

This quantitative approach addresses different types of features
such as the capacity to manufacture vaccines, portfolio effective
capacity, benefits as a function of capacity, the vaccines’ success,
and the costs and benefits of vaccination, in order to estimate
the optimal portfolio for a price-taking country [2]. Although it
involves a large number of parameters, the authors indicate that,
according to various robustness controls performed on the model,
the main findings of the AMC mathematical model are consistent
[2]." A summary of the AMC model is described below.

Advance Market commitment mathematical model?

The objective is to find for a country ithe optimal portfolio of
vaccines v; = (vi1, ¥, ..., v), where v; denotes how much produc-
tion capacity country i buys from candidate j. By mathematical
construction, the AMC model does not specifically return the
names of the pharmaceutical companies from which the vaccine
should be purchased. The approach that is developed is more clo-
sely related to the selection of the “best platforms” used for vac-
cine production.

The benefits for country i of buying »; are measured through
economic and health benefits, for which the total effective capacity
distribution V of portfolio »; is modeled, where the total effective
capacity is the number of safe and effective treatments offered
by the portfolio, once these treatments have completed clinical tri-
als; therefore, the country’s effective capacity will depend on the
success of individual candidates (denoted by the dummy variable
¥;)- Each candidate vaccine belongs to a platform I/ and subcategory
s. A candidate will be listed as successful in vaccine development if
any of the following events occur:

M No overall problem prevents the feasibility of developing a vac-
cine candidate (denoted by x, = 1, with probability gq,).

B No problem shows up at the platform level (x, = 1, with prob-
ability g,,).

W No problem shows up at the subcategory level (x, =1, with
probability q,).

B No problem shows up at the individual vaccine level (x; =1,
with probability g;).

The dummy variable for candidate j is then given by
¥; = XoXpXsX; and the probability of success for this candidate is
Pr(y; = 1) = qo4,4,4;. This model implicitly introduces correlations
between different candidates through x,, x,, and x;. If country i
chooses some portfolio #;, the total effective capacity it obtains is
the sum of the installed capacities over all successful candidates:

Vi=Y yivi, (M
j

which is a random variable whose value depends on the success
or failure of candidates with non-zero capacity investment. The
distribution of effective capacity depends on the probabilities q,,

1 Despite the limitations and criticisms of this type of quantitative application
(understanding the high uncertainty that is handled in this regard), this model is
considered a useful approximation for decision-making, by understanding the scope
explicitly addressed in the document.

2 This section accurately follows the mathematical development in the study of
Ahuja et al. [2], including transcribed excerpts.

3 A platform is defined as any underlying technology (a mechanism, delivery
method, or cell line) that can be used to develop multiple vaccines [26],[23].
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di g5, and g;. The authors assume that g; is the same for all candi-
dates, while the probabilities for platforms g, are set according to
the track record of past vaccines and recent scientific develop-
ments. The probabilities for individual candidates g; are assigned
depending on the current phase of trials of the candidate; phase
3 candidates have a higher probability of success.

The larger the effective capacity, the larger the total benefits,
which are split into economic and health benefits, considering
the specific characteristics of country i: i) GDP losses, ii) monthly
mortality due to COVID-19, and iii) the fraction of high-risk popu-
lation. Moreover, estimated benefits take into account that an
effective treatment may be developed, that non-pharmaceutical
interventions may stop the pandemic, or that herd immunity
might be achieved before any capacity becomes available.

Benefits vary as a function of the number of people who are vac-
cinated at any point in time. Let %;(t) be the fraction of the popula-
tion of country i that has been vaccinated at time t. If country i does
not obtain any vaccine, no person will be able to be vaccinated
before t = to, the time when vaccine production starts if there is
no early capacity investment. At time T, country i starts receiving
Vnp vaccines per month, whereby the fraction of its population
(P), that is vaccinated is:

. 0 if t<t
W(%’E%afm) if t>ty

(2)

If, instead, country i achieves an effective capacity of V, it starts
vaccinating V people per month at time t = t, — T, where T mea-
sures how much earlier capacity is available with early capacity
investment. At time to, capacity ramps up to Vyp, whereby the frac-
tion of the population vaccinated is:

0 if t<to—T
MEV) =4 plt—to+T) if to-T<t<to
LT +Y (t —to) if t>to

The fraction of the population vaccinated A(t) translates into
benefits per unit of time. Let H; be the monthly health and eco-
nomic harm due to COVID-19 for country i. The authors assume
that the health and economic benefits of vaccination at time t, rel-
ative to no vaccination, are given by:

SHf (Js(t))  with & € [0,1], (4)

where ¢ is a factor by which benefits are discounted because of the
possibility that effective alternatives to vaccination are developed
and f;(.) is a function that measures the fraction of harm that is
avoided. For simplicity, the authors assume that it is a continuous,
piecewise linear function with three change points: i) the first kink
is at /lfR, the fraction of high-risk population; up to that point, vac-
cinating every additional person brings a large benefit, so f;
increases more quickly than after that point; ii) the second kink is
at A(t) = Arlow 3 lower estimate for the point at which herd
immunity is reached; and iii) the third kink is at 2(t) = A" at
which point herd immunity is reached for sure and there is no more
harm from COVID-19.
Then, the net benefit from effective capacity V is given by:

bi(V) = oH; / Fi(3(t;V))dt — oH; / Fimp(0))d. (5)

The left integral is the sum over time of the monthly benefits
when effective capacity is V. The right integral makes the same
computation when there is no early investment. Besides, the
expected benefit, B;, given some portfolio v;, is the expectation of
b;(V), given the optimal portfolio; namely:

Bi(vi) = E[bi(V)|wi]. (6)
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The above implicitly assumes that country i will vaccinate the
same fraction of the population with and without early capacity
and that the costs of each individual vaccine are the same in both
cases; therefore, benefits from the optimal portfolio are provided
not only by the ability to obtain vaccines but also by early vaccina-
tion. Then, the problem for a price-taking country is
mvaxBi(zz,v) —Dp. > v where p, is, for simplicity, the single price

per unit of capacity across all candidates.

It is important to comment that this mathematical model has
the following limitations: i) adverse effects of vaccination are not
considered; ii) storage, distribution, and logistics costs are not con-
sidered; iii) investments are made at risk: the cost of the vaccine
must be paid, even if the vaccine is not approved; iv) legal consid-
erations are not included; and v) it is assumed that as the vaccines
arrive, they are administered.

Parameters in the context of the SGSSS

Using different official databases, expert criteria, and real world
evidence, Table 1 presents, for the different parameters of the
model, the methodology used and the value calculated according
to the context of Colombia (adjusting for the economic and
socio-demographic reality).

The remaining parameters of the AMC mathematical model for
COVID-19 are taken by default from experts’ descriptions in a
study by Ahuja et al. [2]. For the fraction of harm avoided due to
lockdown restrictions or other non-pharmaceutical interventions,
the value of 0.50 is taken, considering studies such as plasma from
recovered patients [1], isolation, the contact tracing and testing
program [20], and better social distancing measures [28], among
others.

Regarding the vaccine development process, vaccines that
belong to platforms such as inactivated virus, RNA, and DNA which
have been approved [24] are assumed to have a 0.9 probability of
being successful, while viral vector and live attenuated virus plat-
forms are assigned a probability of success of 0.8 [2]. Likewise, this
model also considers as inputs the probabilities of vaccine success
from preclinical trials (0.14), to phase 1 (0.23), phase 2 (0.32), and
phase 3 (0.50), obtaining greater probabilities with a greater
degree of advance of clinical trials.

Besides, it is assumed that the first COVID-19 vaccines that
arrive in the country are the result of direct negotiations with
pharmaceutical companies, which accelerates access to these vac-
cines by two (2) months compared to the period in which they are
received by COVAX. Due to the uncertainty in the model parame-
ters, whose values may also vary over time, various sensitivity
analyses are carried out to establish the robustness of the model
and to identify possible scenarios in which significant changes
may occur.

Results

This model estimates the benefits expected in Columbia
through accelerating access to COVID-19 vaccines through early
investments. The results presented here are based on advances in
vaccine development available to date.” The optimal portfolio is
made up of 13 vaccines, which are grouped into four platforms: i)
ribonucleic acid (RNA); ii) inactive virus; iii) viral vector; and iv) pro-
tein subunits (see Fig. 1). More than 98 % of vaccines use the first two
options.

4 Information from the World Health Organization (WHO) on advances in vaccines
against COVID-19 with a cutoff date of January 29, 2021. The following website can be
consulted: https://www.who.int/publications/m/item/draft-landscape-of-covid-19-
candidate-vaccines.
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Table 1
Model parameters for Colombia.”
Variable Estimation Definition Source
Population (number of 51,049,498 It corresponds to population projections for 2021, made from Departamento Administrativo Nacional de Estadistica (DANE)
people) the 2018 National Population and Housing Census. [8].
GDP per capita 6.432 Taken from a multilateral entity. World Bank (Mundial, 2020) [31].
thousand
usD
High risk population 21.61 % Percentage of the total Colombian population aged 60 or over,
or who have been diagnosed with comorbidities, or who are  Ministerio de Salud y Proteccién Social et al. (Ministerio de
health professionals. Salud y Proteccién Social Ministerio de Hacienda y Crédito
Ptblico, Instituto de Evaluacion Tecnolégica en Salud, 2020).
Treatment cost 15 USD Does not apply. Assumption
Value of a statistical life  1.343 Data extracted from literature and updated with USA CPIL Viscusi & Masterman [30] based on meta-analysis techniques.
million
uUsD
Life expectancy 76.32 years Weighted average life expectancy for women and men, by sex DANE [8].
ratio according to the 2018 Census.
Monthly mortality 8,305 Monthly average of the number of confirmed deaths from Instituto Nacional de Salud (INS)
COVID-19 between December 2020 and January 2021. [16].
Fraction of one life that 6.45 Difference between ‘Life expectancy’ and average age of INS (Salud, 2020) y DANE (Estadistica, 2020).
is lost on average people who have died from COVID-19 in Colombia with
due to COVID-19 information up to January 31, 2021.
deaths
Cumulative economic 16.02 Average of the estimated cumulative loss forecasts for 2020~ Banco de la Reptblica [4], Fedesarrollo [11], Grupo Ban-
loss 2021 of: i) the Colombian central bank (25 %); ii) a center for colombia [14] y Corficolombiana [7]. The public sector
economic thought (25 %); iii) private sector (25 %) and iv) corresponds to Ministerio de Hacienda y Crédito Piblico
public sector (25 %). (MinHacienda) and Departamento Nacional de Planeacién
(DNP).
Percentage of people 67.00 % Data extracted from the most recent literature on the subject Fontanet & Cauchemez [12], Randolph & Barreiro [27] y
needed to achieve (from a conservative scenario) and from consulting thematic ~Reuters (Reuters, 2020).
herd immunity experts in the field.
Treatments per month 3.3 million  Division between the number of Colombians who must be Ministerio de Salud y Proteccién Social et al. (Ministerio de

to apply

vaccinated to achieve herd immunity and the number of days,
in 2021, during which the vaccine will be applied.

Salud y Proteccién Social Ministerio de Hacienda y Crédito
Ptblico, Instituto de Evaluaciéon Tecnolégica en Salud, 2020).

9 By mid-2020, a first application of this model was developed for the National Vaccination Plan (Ministerio de Salud y Proteccién Social Ministerio de Hacienda y Crédito
Pablico, Instituto de Evaluacién Tecnolégica en Salud, 2020). This research, as of January 2021, updates and refines the parameters.

60%
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o 40%
oD
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=
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Fig. 1. Composition of the optimal portfolio.

If all vaccines in the portfolio became successful, Colombia
would expect to receive 10.1 million treatments per month; how-
ever, allowing for the high probability that not all the vaccines that
make up the optimal portfolio will generate satisfactory results,
effective capacity would be approximately 3.3 million treatments
per month on average (which represents about 32 % of the produc-
tion). The benefits of this portfolio would be $2.51 billion USD,
while the costs would be $1.67 billion USD, which implies a bene-
fit—cost ratio of 1.51.

Table 2 shows the results of various sensitivity analyses carried
out from the central scenario, where one parameter is varied at a
time.

In all cases, except when the price per dose is US $25 or the
expected harm that is avoided is 70 %, the ratio between benefit

and cost remains above 1. This value is greater if there is an
increase in the number of months in advance when the purchase
of the optimal portfolio is made (this is the most sensitive param-
eter), the price per treatment decreases, or there is a higher
monthly mortality rate. On the other hand, the higher the percent-
age of the population at risk, the greater the benefit of purchasing
the vaccines in advance. Furthermore, the more treatments are
administered per month, the more the benefit-cost ratio decreases,
however, it is still greater than 1; the reason for this behavior is
that vaccinating the people at highest risk first generates a greater
benefit for society.

The size of the optimal portfolio changes with modification of
parameters in several of the sensitivity analyses, in most cases
being a value close to the 13 candidates of the central scenario.
Only in the advance-purchase time analysis of the vaccines and
in the average number of treatments is there a significant increase
in the number of candidates that would be part of the optimal
portfolio.

Discussion and conclusions

From the contextualized application of the mathematical model
to the intrinsic conditions of Colombia, understanding the uncer-
tainty in the parameters, and the limitations and scope of this
quantitative approach, it can be concluded that the benefit of
ensuring early access to vaccines against COVID-19 exceeds the
cost.

The analyses presented here suggest that it is a consistent
model that can be used as a public policy decision tool. The results
found in this study are consistent with the document by Ahuja
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Table 2
Results of benefit-cost ratio according to sensitivity analysis.*
Variable object of sensitivity Central Scenario 1 Scenario 2 Scenario 3 Scenario 4
scenario
Months the purchase is in advance 2 4 6 8 10
1.51 [13] 2.87 [21] 420 [21] 551 [21] 6.80 [21]
Price per treatment Us $15 UsS $5 us $10 US $20 UsS $25
1.51 [13] 452 [13] 2.26 [14] 1.13 [15] 0.90 [14]
Herd immunity percentage 67 % 60 % 80 % 90 % 100 %
1.51 [13] 1.50 [20] 1.52 [11] 1.52 [11] 1.52 [11]
Monthly mortality 8,305 5,000 7,000 9,000 11,000
1.51 [13] 1.39 [14] 1.46 [14] 1.53 [14] 1.60 [14]
Expected harm avoided 50 % 30% 40 % 60 % 70 %
1.51 [13] 2.11 [14] 1.81 [14] 1.20 [14] 0.90 [14]
Fraction of high-risk population 216 % 10% 20 % 40 % 50 %
1.51 [13] 1.50 [16] 1.50 [16] 1.53 [11] 1.54 [11]
Average number of treatments 33 23 2.8 3.8 43
1.51 [13] 1.61[11] 1.56 [11] 1.45 [21] 1.39 [21]

" Number of industries that should that Colombia should negotiate with under that specific scenario in square brackets.

et al. [2], where the advance purchase of vaccines achieves an
increase in benefits over costs.

The results of this work suggest that it is valuable to invest in
acquiring vaccines for a greater proportion of the population
through bilateral contracts with producers that allow for advance
arrangement of vaccination with respect to the expected arrival
date of the doses assigned by COVAX.

The results of this research allow appropriate decisions to be
made -although with opportunities for improvement® - regarding
the immunization of the population of Colombia, and proof of this is
that at the beginning of 2022, more than 28 million people were
already fully vaccinated. Likewise, the arrival of vaccines by bilateral
negotiation has been relatively constant (also, donations from coun-
tries like the United States have helped). In retrospect, the diversifi-
cation of the vaccine portfolio has worked as a good strategy to bring
continuous deliveries by different pharmaceutical industries.

As a final message of great relevance to Colombian public pol-
icy, and bearing in mind the possible future booster doses of vacci-
nes against COVID-19 for the population, it is considered prudent
to continue negotiating both with multilateral organizations, for
example COVAX, and through bilateral agreements.®

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper. This study was
financed through the inter-administrative agreement 841-2020
between Departamento Nacional de Planeacién and Instituto de
Evaluacién Tecnoldgica en Salud.

References

[1] Acosta-Ampudia Y, Monsalve D, Rojas M, Rodriguez Y, Gallo ], Salazar-Uribe ],
et al. COVID-19 convalescent plasma composition and immunological effects
in severe patients. Journal of Autoimmununity 2021;118:102598.

[2] Ahuja A, Athey S, Baker A, Budish E, Castillo ], Glennerster R, et al. Preparing for
a pandemic: accelerating vaccine availability. AEA Papers Proceedings
2021;111:331-5.

5 Unfortunately, in the year 2021 it was not possible to comply with the total
number of vaccines calculated (and applied) in the central scenario of our model to
arrive at the so-called herd immunity. This was due to different problems including
the high global demand for biologicals, the lack of raw materials, and failures in the
manufacturing production of some industries, among others.

6 Between 2020 and 2021 (as of January 31, 2021), the Colombian Government was
in more than eleven processes of rapprochement with vaccine-producing industries,
having purchased 25.25 million treatments from five pharmaceutical companies in
addition to the ten million purchased from COVAX.

[3] Baldwin R, Mauro B, editors. Economics in the time of COVID-19. London: CEPR
Press; 2020.

[4] Banco de la Repiiblica. Informe de politica monetaria. Bogota D.C.; 2020.

[5] Barrett S. Economic considerations for the eradication endgame. Philosophical
Transactions of the Royal Society B: Biological Sciences 2013;368(1623).

[6] Berkley S. COVAX explained; 2021. Retrieved November 18, 2019, from https://
www.gavi.org/vaccineswork/covax-explained.

[7] Corficolombiana. Perspectivas econémicas 2021: con la economia no se juega.
Bogota, D.C; 2020.

[8] Departamento Administrativo Nacional de Estadistica. Proyecciones de
poblacién a nivel nacional, periodo 2018-2070. Bogota, D.C.; 2020.

[9] ECLAC. Preliminary overview of the economies of Latin America and the
Caribbean, 2021. Santiago de Chile: United Nations; 2022.

[10] Fang Y, Nie Y, Penny M. Transmission dynamics of the COVID-19 outbreak and
effectiveness of government interventions: a data-driven analysis. Journal of
Medical Virology 2020;92(6):645-59.

[11] Fedesarrollo. Editorial: Actualizacion de las perspectivas econémicas 2020-
2021. In Tendencia Econémica (Vol. 208); 2020.

[12] Fontanet A, Cauchemez S. COVID-19 herd immunity: where are we? Nature
Reveviws Immunology 2020;20(10):583-4.

[13] Greenwood B. The contribution of vaccination to global health: past, present
and future. Philosophical Transactions of the Royal Society B: Biological
Science 2014;369(1645).

[14] Grupo Bancolombia. Actualizacién de proyecciones econdémicas Colombia
2020-2021. D.C.: Bogotd; 2020.

[15] Hajj I, Chams N, Chams S, El Sayegh S, Badran R, Raad M, et al. Vaccines
through centuries: major cornerstones of global health. Frontiers in Public
Health 2015;3.

[16] Instituto Nacional de Salud. Boletines casos COVID-19 Colombia. Bogota D.C.;
2020.

[17] Kremer M, Levin ], Snyder C. Advance market commitments: insights from
theory and experience. AEA Papers and Proceedings 2020;110:269-73.

[18] Kucharski A, Russell T, Diamond C, Liu Y, Edmunds ], Funk S, et al. Early
dynamics of transmission and control of COVID-19: a mathematical modelling
study. The Lancet Infectious Diseases 2020;20(5):553-8.

[19] Lo A, Siah K, Wong C. Estimating probabilities of success of vaccine and other
anti-infective therapeutic development programs. Harvard Data Science
Review; 2020.

[20] Ministerio de Salud y Proteccién Social. PRASS, una estrategia en la nueva fase
del covid-19 en el pais, 2020, February.

[21] Ministerio de Salud y Proteccién Social, Ministerio de Hacienda y Crédito
Pdablico, Instituto de Evaluacién Tecnolégica en Salud, & Departamento
Nacional de Planeaci6én. Plan nacional de vacunacién contra el COVID-19,
Versién 2. Bogotd, D.C.; 2021

[22] Minor P. Use of vaccines to eradicate infectious disease. ELS, 1-6; 2015.

[23] Nagy A, Alhatlani B. An overview of current COVID-19 vaccine platforms.
Computational and Structural Biotechnology Journal 2021;19:2508-17.
https://doi.org/10.1016/j.csbj.2021.04.061.

[24] New York Times. Coronavirus vaccine tracker; 2021, February.

[25] Plotkin S. History of vaccination. Proceedings of the National Academy of
Science 2014;111(34):12283-7.

[26] Pollard A, Bijker E. A guide to vaccinology: from basic principles to new
developments. Nature Reviews Immunology 2021;21(2):83-100.

[27] Randolph H, Barreiro L. Herd immunity: understanding COVID-19. Immunity
2020;52(5):737-41.

[28] Tian H, Liu Y, Li Y, Wu C, Chen B, Kraemer M, et al. An investigation of
transmission control measures during the first 50 days of the COVID-19
epidemic in China. Science 2020;368(6491):638-42.

[29] Usher A. COVID-19 vaccines for all? The Lancet 2020;395(10240):1822-3.

[30] Viscusi W, Masterman C. Income elasticities and global values of a statistical
life. Journal of Benefit-Cost Analysis 2017;8(2):226-50.

[31] World Bank. Data; 2020.



http://refhub.elsevier.com/S2590-1362(22)00057-2/h0005
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0005
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0005
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0010
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0010
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0010
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0015
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0015
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0020
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0025
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0025
https://www.gavi.org/vaccineswork/covax-explained
https://www.gavi.org/vaccineswork/covax-explained
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0045
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0045
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0050
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0050
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0050
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0060
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0060
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0065
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0065
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0065
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0070
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0070
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0075
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0075
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0075
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0080
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0080
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0085
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0085
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0090
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0090
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0090
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0095
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0095
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0095
https://doi.org/10.1016/j.csbj.2021.04.061
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0125
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0125
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0130
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0130
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0135
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0135
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0140
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0140
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0140
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0145
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0150
http://refhub.elsevier.com/S2590-1362(22)00057-2/h0150

	Advance Market Commitments (AMC) model application for Colombian purchase strategy of COVID-19 vaccines
	Introduction
	Method and data
	Advance Market commitment mathematical model2
	Parameters in the context of the SGSSS

	Results
	Discussion and conclusions
	Declaration of Competing Interest
	References


