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Abstract: When exceptional situations, such as the COVID-19 pandemic, arise and reliable data is 
not available at decision-making times, estimation using mathematical models can provide a rea-
sonable reckoning for health planning. We present a simplified model (static but with two-time 
references) for estimating the cost-effectiveness of the COVID-19 vaccine. A simplified model pro-
vides a quick assessment of the upper bound of cost-effectiveness, as we illustrate with data from 
Spain, and allows for easy comparisons between countries. It may also provide useful comparisons 
among different vaccines at the marketplace, from the perspective of the buyer. From the analysis 
of this information, key epidemiological figures, and costs of the disease for Spain have been esti-
mated, based on mortality. The fatality rate is robust data that can alternatively be obtained from 
death registers, funeral homes, cemeteries, and crematoria. Our model estimates the incremental 
cost-effectiveness ratio (ICER) to be 5132 € (4926–5276) as of 17 February 2021, based on the follow-
ing assumptions/inputs: An estimated cost of 30 euros per dose (plus transport, storing, and admin-
istration), two doses per person, efficacy of 70% and coverage of 70% of the population. Even con-
sidering the possibility of some bias, this simplified model provides confirmation that vaccination 
against COVID-19 is highly cost-effective. 

Keywords: COVID-19 vaccination; mathematical modelling; health economics modelling; Best Ad-
justment of Related Values (BARV); Cost-Effectiveness Analysis (CEA); coronavirus; healthcare ex-
penditures; Quality Adjusted Life Years (QALY); Incremental Cost Effectiveness Ratio (ICER); col-
lective choice; discount rate 
 

1. Introduction 
Since the first publications of efficacy data on COVID-19 vaccines [1,2], a growing 

number of other products have been developed in different countries by a number of 
pharmaceutical companies. However, it is crucial that a steady and adequate supply is 
available to the population within a short period of time. The COVID-19 pandemic has 
already imposed significant costs on national economies, causing increasing pressures on 
health budgets. Despite the effort it represents, it is essential that sufficient financial re-
sources are guaranteed to carry out the vaccination plans. In this study, a mathematical 
model for cost-effectiveness analysis of COVID-19 vaccination is presented to provide 
policymakers with the evidence of the economic value of this health intervention. It is 
worth noting that the absence of reliable data, and even more so, data in constant pro-
gression, make this estimation very difficult, especially in the context of a pandemic, when 
the time available for producing complex forecasts is limited, and health managers may 
not have sophisticated mathematical technology at their disposal. Simple mathematical 
modeling could provide an approach and throw some light on this issue [3], and the 
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method and conclusions of this study can help facilitate setting priorities in the decision-
making process and the allocation of the health care budget. 

In addition to the proposal for the mathematical procedure, this document has three 
purposes. Firstly, to present some figures on the impact of COVID-19 on health, in support 
of the concept of serious disease, the control of which still requires additional economic 
efforts. To this end, the number of quality-adjusted life-years (QALYs) lost to the pan-
demic has been calculated; secondly, to establish an estimate of the cost of health care due 
to COVID-19 in Spain; and thirdly, to present data on the cost-effectiveness of the vaccine. 

2. Materials and Methods 
Data for Spain related to the situation of the COVID-19 pandemic on 27 October 2020 

and on 17 February 2021 have been calculated using the Best Adjustment of Related Val-
ues (BARV) method, which attempts to adjust reliable figures within a range and calculate 
other less reliable but related values by means of an iterative adjustment, so that the pos-
sible errors of all the variables are minimized by minimizing all deviations [4]. Although 
a more complex computerized procedure may be used, results may also be obtained using 
a simple spreadsheet, with the possibility of adding weighting to more reliable data and 
by an iteration process obtaining the results for the less known variables that minimize all 
errors. 

For mortality, the procedure already used in previous work [4] was followed, collect-
ing the unexpected increase in mortality (excess deaths) registered in four periods from 
the Spanish Mortality Database (MoMo) [5], assuming (ceteris paribus) the increase to be 
due to COVID-19. 

The QALY, Q(xA), representing the number of years (adjusted for quality) for each 
group of median age (A) lost as a result of morbidity/mortality due to COVID-19, have 
been calculated, based on the estimate of years of life expectancy (LE = x) for age A, using 
the formula [6,7]: 

𝑄 = 𝑄𝐴𝐿𝑌 𝑥 = 𝑈 1 − 𝑟  

Following Attema et al. [8], the utility U for each year obtained from the life table is 
discounted for the successive years (constant QALY model). When compared with the 
standard discount rate used in business [1/(1 + r)]j – 1 this procedure provides similar val-
ues. 

Each group of current median age A has a life expectancy xA and a yearly variable Uj 

utility. Summing over all the discounted remaining years of life (1 to xA) will provide the 
adjusted life years lost due to COVID-19. Thus, Uj is the utility ratio for each year in the 
rank |A, A + x|; r is a constant discount rate of 3.5%, selected according to the income of 
Spain [7,8]. Sensitivity analyses have been done for r = 3% and 4%. Some of the Uj values, 
not found in the references, have been computed by linear extrapolation of neighboring 
values. Table 1 summarizes the five-year values of the life table used, although we have 
computed and used year-by-year values from 50 to 95 years of age, extrapolating missing 
data. 
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Table 1. Summary by five-year values of the life table used for the calculation of quality-adjusted 
life-years (QALYs). 

 Men Women 

Age 
Life 

Expectancy (LE) U 
LE Good 
Health 

Life 
Expectancy (LE) U 

LE Good 
Health 

0 80.48 0.793623 63.87 85.9 0.79350 68.13 
50 31.85 0.687555 21.90 36.8 0.60030 22.10 
55 27.42 0.674419 18.49 32.2 0.56993 18.32 
60 23.20 0.599138 13.90 27.6 0.53354 14.71 
65 19.21 0.589744 11.33 23.1 0.48085 11.10 
70 15.43 0.556034 8.58 18.7 0.47353 8.85 
75 11.91 0.522736 6.23 14.5 0.46622 6.75 
80 8.80 0.489438 4.31 10.6 0.37504 3.99 
85 6.25 0.456140 2.85 7.40 0.28387 2.11 
90 4.39 0.383721 1.68 5.00 0.11491 0.58 

Source: Authors’ computation based on data from Spanish National Institute of Statistics [9] and 
Eurostat [10]. Data corresponding to 2017. Data of years not included in tables have been 
calculated by linear extrapolation of the nearest values. 

The table highlights the so-called male-female mortality paradox: Females live longer 
but in a worse state of health [11]. 

To calculate the QALYs lost due to the pandemic in Spain, not only the total number 
of deaths has been considered, but also, for those patients discharged from hospital alive, 
a weight of morbidity considering their future QALYs (as expected by age and gender) to 
be reduced an average of 10% (Qw = 0.9Q0) forward discharges and 20% (Qw = 0.8Q0) for 
ICU discharges, following weights of a Markov model used for other chronic diseases [12–
14]. 

Additional data such as population statistics, figures related to influenza, and other 
values or ratios used in the text, have been obtained from the corresponding published 
institutional statistics [15–18]. 

3. Results 
3.1. Magnitude of the Healthcare Problem: COVID-19 Outbreak versus Influenza 

As of 27 October 2020, the estimated prevalence of COVID-19 in Spain was not very 
different from that of AH1N1 influenza, although it must be noted that there was an active 
outbreak of the former with about 20,000 new daily notifications at that time (accumulated 
incidence of about 500 per 100,000 habitants in 14 days) [16–23]. Table 2 comparatively 
presents the information together with Case Fatality Ratio (CFR) and Infectious Fatality 
Ratio (IFR) estimations up to that moment. 

Table 2. Comparison of COVID-19 and A-Influenza data in Spain as of 27 October 2020. 

Population 47,431,688 [1] 
 COVID-19 ×100,000‡ Influenza ×100,000‡ 

Prevalence [2] 7,010,340 14,780 6,521,798 13,750 
Confirmed [3] 1,116,738 2354 619,000 1305 
Hospitalized 170,789 360 27,657 58 

ICU 15,278 32 1800 4 
Fatalities 59,422  3900  

Mortality (over [1]) 0.13% 125.3 0.01% 8.2 
CFR (over [3]) 5.32%  0.63%  
IFR (over [2]) 0.85%  0.06%  

Source: Authors’ computation with data from sources [20–23]. ICU, intensive care unit. ‡ 
Inhabitants. 
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As evidenced by the figures, the prevalence in both cases was about 15%, but COVID-
19 is causing about six times more hospitalizations, over eight times more admissions in 
ICU, and fifteen times more fatalities. To facilitate comparison of these data with those in 
influenza reports, the alternative method suggested for reporting CFR in ongoing 
outbreaks has not been followed [24]. 

These data for COVID-19 incidence and prevalence in Spain as of that date were not 
very different from those in the UK, with about 20,000 new cases per day and over one 
million reported cases, as of 31 October [25]. The data correspond to moments of ongoing 
pandemic waves. 

Table 3 provides the comparative figures between 27 October and 17 February, and 
includes the ratios used in our model based on the number of fatalities (nf). 

Table 3. COVID-19 data as of 17 February 2021 compared to data from 27 October 2020. 

 27 October 2020 17 February 2021 Template 
Prevalence [2] 7,010,340 9,814,476 Based on Pub. 
Confirmed [3] 1,116,738 3,107,172 Reported 
Hospitalized 170,789 306,727 3.45 nf 

ICU 15,278 26,477 0.3036 nf 
Fatalities (number) 59,422 84,150 nf 
Mortality (over [1]) 0.13% 0.18%  

CFR (over [3]) 5.32% 2.7%  
IFR (over [2]) 0.85% 0.86%  

Source: Authors’ computation with data from sources [19–26]. Population 47,431,688 inhabitants. 

3.2. COVID-19 Related Expenditures 
The «Framework for Estimating Health Spending in Response to COVID-19» report 

[27]—which includes 214 countries and territories, projecting volumes of people and costs 
between 8 March 2020, and 7 March 2021 (52 weeks)—has been published by the 
International Monetary Fund and models different scenarios, social distancing, 
lockdowns, and other variables. According to its conclusions, «effective social distancing 
and quarantine reduce the additional health spending from a range of US$0.6–1 trillion 
globally to US$ 130–231 billion, and the fatality rate from 1.2 to 0.2 percent, on average» 
(p. 2). As per this source, with satisfactory containment of the disease, increase in health 
expenditures due to COVID-19 would represent about 0.2–0.3% of the world’s Gross 
Domestic Product (GDP) for 2019, «and fatality rate would be 0.1% of the population, on 
average, across countries» (p. 8). 

The published costs that the disease is generating for healthcare systems, even when 
focused only on inpatient and outpatient care, are very variable, representing different 
health care approaches. Most of the reports are from the USA, where the healthcare 
provider is covered by a combination of payments by companies and users. In the most 
complicated cases, hospitalization due to COVID-19 rose to US$75,000 or even more. An 
average from US$9764 (for less severe cases) to about US$14,500 per person has been 
reported by the Kaiser foundation and other sources [28–31]. According to Avalere, 
COVID-19 hospitalizations could cost the U.S. healthcare system between US$9.6 billion 
and $ 16.9 billion in 2020 [32]. This represents between US$30 and US$50 per inhabitant. 
Reports from other countries with lower GDP, such as Mexico or Chile, show lower costs. 
There are also systematic reviews on the average length of stay for COVID-19 
hospitalizations, which may be used for cost estimation [33]. 

Considering the available information and the reported costs for the Spanish Health 
Care System [34–38], the direct costs (to 17 February 2020) have been estimated and 
summarized in Table 4. Again, this information may not be exhaustive. The expenditure 
figure for asymptomatic cases is an estimate that includes over-the-counter medicines. It 
is not clear whether all hospitalizations in private centers have been included in these 
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statistics but considering that most cases are financed by the public system, this 
uncertainty has not been very significant. 

Table 4. Estimation of direct healthcare costs for COVID-19 in Spain as of 17 February 2021 (direct 
cost including medication). 

HC Provision Number of 
Cases 

Cost per Unit After 
Discharge 

Total 

50% of cases with few 
symptoms 

4,935,398 20 €  98,707,960 € 

PC and OP health assistance 2,639,250 190 €  501,457,500 € 
Hospital ward standard 246,236 3700 € 200 € 911,073,200 € 
Hospital ward w/comp. 18,534 10,000 € 300 € 185,340,000 € 
ICU (including ARDS) 25,548 27,000 € 350 € 689,796,000 € 

Total    2,386,374,660 € 
Per inhabitant    50 € 
Per% of GDP    0.21% 

Source: Authors’ computation based on References [26,34–38]. OP, outpatient. PC, primary care. 
ARDS, acute respiratory distress syndrome. 

According to our estimations, an average (cases in ward plus cases in ICU, excluding 
outpatient assistance) hospitalization costs about €5900 (US$7139). For Spain (2019), with 
a population of 47.3 million and a GDP of €1119,976M, COVID-19 health care (up to 17 
February 2021) will represent about €50 per inhabitant, or around 0.21% of GDP, similar 
to the projection for all 2020 already commented on (0.2–0.3%) [27,30]. It must be taken 
into consideration that the disease is spreading rapidly, and this value only includes direct 
costs. The average, per day hospitalization cost was estimated at €369 (250–750), for an 
average length of stay of 15.9 days, obtained from a large series in France [33,39]. 

The pandemic has brought with it many other economic issues. Some of these are 
summarized in Table 5, in addition to the direct health care costs mentioned above (points 
1–6). 

Table 5. Summary of some relevant costs related to COVID-19. 

Cost Directly Linked to Health Care  
1. Primary care patients with minor symptoms. 
2. Primary care for patients later requiring hospitalization or during follow-up after 

discharge from hospital. 
3. Emergency assistance. 
4. Hospitalization and rehospitalization on ward. 
5. Use of mechanical ventilation devices. 
6. Intensive Care hospitalization and rehospitalization. 
7. Special treatments (monoclonal antibodies, convalescent plasma, etc.) 
8. Cost related to shrouding, storage, transfer, cremation or burial, and terminal 

cleaning of the rooms of the deceased. 
9. Operational costs, including staffing related to the increase of activity. 
10. Acquisition, training, consumption, and elimination of personal protective 

equipment for staff, including orderlies, maintenance personnel, security, cleaning, 
etc. 

11. Cost of the opportunity of delayed assistance to other diseases due to COVID-19. 
12. Outpatient drug costs, including pharmacy consultations and over-the-counter 

treatments. 
13. Transport (e.g., ambulances) 
14. Prescribed and over-the-counter medication. 



Mathematics 2021, 9, 566 6 of 15 
 

 

General population and business 
1. Protective measures, including panels, gloves, hydroalcoholic gels. 
2. Related to home lockdown for adults and children, including babysitting for 

workers with children remaining locked down at home. 
3. Related to labor reduction, readaptation, or loss. 

Governmental 
1. Reorganization and adaptation of public services, including police, port, and 

airport controls, quarantine compliance controls, military emergency services, 
their protective equipment, and cleaning agent’s consumption. 

2. Relief plans, extra services, and supports for vulnerable people (unemployed, 
elderly, etc.) 

3.3. Cost-Effectiveness of Vaccination 
According to data reported as of 17 February 2021 [26], we have estimated that 

554,539 QALYs (539,367–577,679) have been lost either directly due to mortality from 
COVID-19, or as a result of future morbidity, without taking into account additional 
losses, such as the opportunity costs of delayed treatments for other diseases as a result of 
the pandemic and other hidden costs [40]. Table 6 depicts a template for calculating the 
QALYSs referred to as the total number of fatalities, a data usually consistent in 
demographic statistics. 

Table 6. Template for calculating COVID-19 adjusted and discounted years (QALYs) resulting from direct mortality and 
expected morbidity, based on the total number of fatalities (nf). 

nf = Total Number of Fatalities Number Average 
Age 

Life 
Expectancy 

L/Free of 
Disease 

QALY (Q0) Qw = 0.2Q0 Total 
Q 

Men alive after ICU 0.10242nf 62.6 21.2 12.8 8.6 (8.2–9.0) 1.7 N*Qw 
Women alive after ICU 0.11466nf 62.9 22.3 12.7 7.3 (7–7.6) 1.5 N*Qw 

       Qw = 0.1Q0  
Men alive after ward 

hospitalization 1.25436nf 66.5 18.3 10.6 7.4 (7.1–7.7) 0.7 N*Qw 

Women alive after ward 
hospitalization 

1.40431nf 68.1 17.8 9.7 6.0 (5.8–6.3) 0.6 N*Qw 

Subtotal (morbidity) Σ        
Men death by age (hospital and 

home) 
      Qw = Q0   

<65 0.03702nf 52 30.1 20.2 11.3 (11.2–11.4) 11.3 N*Qw 
65–74 0.06664nf 70 15.5 8.6 6.3 (6.3–6.4) 6.3 N*Qw 
>74 0.42459nf 80 12.3 6.4 3.7 (3.6–3.9) 3.7 N*Qw 

Women death by age (hospital 
and home)       Qw = Q0   

<65 0.03306nf 55.0 27.1 17.5 9.8 (9.7–9.9) 9.8 N*Qw 
65–74 0.05951nf 70.0 15.5 8.6 5.6 (5.5–5.8) 5.6 N*Qw 
>74 0.37918nf 80.0 12.3 6.4 3.7 (3.6–3.9) 3.7 N*Qw 

Subtotal (mortality) Σ        
Source: Authors’ computation with data from sources [12,13,26,41–43]. Discount rate (3%, 3.5%, 4%). 

The question of age and morbi-mortality for COVID-19 will give rise to issues, such 
as whether the patients that have died with the disease represent a subset of ill persons 
with less QALY than the average for the age, or for which population it would be more 
cost-effective to program early vaccinations [44]. At an estimated cost of €30 per shot 
(vaccine plus transport, storing, and administration) [45,46], the following table (Table 7) 
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offers the cost-effectiveness analysis for different percentages of vaccine efficacy and 
discount rates (r = 3%, 3.5%, 4%), and different percentages of the population included in 
a vaccine program of two shots. 

Table 7. Incremental cost-effectiveness ratio (ICER) for COVID-19 vaccine adjusted by different 
percentages of efficacy and population vaccinated in Spain with data as of 17 February 2021. 

100% Population 
%Vaccine 
Efficacy► 50 60 70 80 90 

Overall QALY (r = 3%) 539,367 10,553 8794 7538 6595 5863 
Overall QALY (r = 3.5%) 554,539 10,264 8553 7331 6415 5702 
Overall QALY (r = 4%) 577,679 9853 8211 7038 6158 5474 

80% Population 
%Vaccine 
Efficacy► 50 60 70 80 90 

Overall QALY (r = 3%) 539,367 8442 7035 6030 5276 4690 
Overall QALY (r = 3.5%) 554,539 8211 6843 5865 5132 4562 
Overall QALY (r = 4%) 577,679 7882 6569 5630 4926 4379 

70% Population 
%Vaccine 
Efficacy► 50 60 70 80 90 

Overall QALY (r = 3%) 539,367 7387 6156 5276 4617 4104 
Overall QALY (r = 3.5%) 554,539 7185 5987 5132 4491 3992 
Overall QALY (r = 4%) 577,679 6897 5748 4926 4311 3832 

Source. Authors’ calculation. Cost per two shots, vaccine plus inoculation (30 € each). 

The incremental cost-effectiveness ratio (ICER) was calculated by dividing the 
incremental cost resulting from vaccination by the measure of health outcome 
(incremental effect in QALYs) to provide a ratio of ‘extra cost per extra unit of health effect’ 
[47]. ICERs may be compared across disease areas and are evaluated with a pre-
determined cost-effectiveness threshold. 

Vaccination of about 70% of the Spanish population, with a conservative 70% ratio of 
efficacy and two shots, will result in €5132 (4926–5276) per QALY gained. 

For comparison, the cost-effectiveness threshold, or basal-case ICER, was set between 
€22–33,000. NICE (National Institute for Health and Care Excellence) aims to spend less 
than £25,000 (€27,500) per QALY. A similar value (CAN$40,000 = €27,200) was set for other 
vaccination program by Brisson et al. [48]. 

It must be considered that the ICER threshold depends on a willingness to pay, and 
in consequence, on GDP. The World Health Organization suggests referring cost-
effectiveness to GDP [49]. Although US$50,000 has been considered for a long time in the 
USA as the limit for the cost-effective threshold, this value has been criticized as being 
low [50]. The US threshold (2017 data) for very cost-effective (considered as less than one 
times GDP) has been reported to be < US$59,532; for cost-effective (between 1–3 times 
GDP) <= US$178,596; and considered not to be cost-effective (greater than three times 
GDP) when > US$178,596 [51]. Neumann et al. [50] suggest as a rule US$50, 100, and 200 
thousand, for each range, matching very roughly with less than one times GDP per capita, 
between one- and three-times GDP, and over three times GDP. In any case, the prediction 
of our model for COVID-19 vaccine cost-effectiveness is well under the threshold; the 
vaccine is highly cost-effective [52,53]. Table 8 overviews the ICER of some vaccination 
reports in the last two decades: 
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Table 8. Incremental cost-effectiveness ratio (ICER) of some vaccination plans reported in the literature for the last two 
decades with conversion to EUR at the corresponding date for the year. 

Vaccination Target 
Population ICER Currency Rate (1€→) ICER (€) d/Rate Article  Year    First Author 

Pneumoco Adults 65 
and over 11–33,000 €  11–33,000 0–5% Bibliometric 2000 Ament 

Lyme disease 
Resident 
endemic 

areas 
62,300 $US (2001 = 0.89) 70,000 3% Modeling 2001 Shadick 

Influenza Adults 50–64 
y/o 10,766 £ (2005 = 0.67) 16,069 NA Modeling 2005 Turner 

Influenza Children 6m–
4 y/o <25,000 $US (2006 = 1.25) ≤19,925 NA Modeling 2006 Prosser 

H Papilloma 
(HPV) 

12–24 y/o 
females 3000 $US (2007 = 1.37) 2190 3% Modeling 2007 Insinga 

Papilloma 
(HPV) 

12–24 y/o 
females+ 

males 
16,000 $US (2007 = 1.37) 11,679 3% Modeling 2007 Insinga 

H Papilloma 
(HPV) 

12 y/o 
females 21–31,000 $CAN (2007 = 1.46) 30,666–

45,260 3% Modeling 2007 Brison 

A Hepatitis Travellers 26,046 $US (2008 = 1.46) 17,840 5% Bibliometric 2008 Anonychuk 

A Hepatitis Health care 
workers 

129,046 $US (2008 =1.46) 88,388 NA Bibliometric 2008 Anonychuk 

A Hepatitis Military 16,332 $US (2008 = 1.46) 11,186 NA Bibliometric 2008 Anonychuk 
A + B 

Hepatitis 
Children <35,000 $US (2008 =1.46) <23,972 NA Bibliometric 2008 Anonychuk 

H Papilloma 
(HPV) 

NA 32,884 €  32,884 NA Modeling 2008 Bergeron 

Herpres 
Zoster 

Adults 60 
and over 20,400 £ (2009 = 0.89) 22,921 6% Modeling 2009 Van Hoek 

pH1N1 
Influenza 6m–64 y/o 

8000–
52,000 $US (2009 = 1.39) 

5755–
37,410 3% Modeling 2009 Prosser 

Rotavirus 
Children < 5 

y/o 23,298 £ (2009 = 0.89) 26,178 3.5% Modeling 2009 Martin 

Rotavirus 
Children < 5 

y/o 61,000 £ (2009 = 0.89) 68,539 3.5–3% Modeling 2009 Jit 

H1N1v 
Influenza Age groups 

2733–
3215 £ (2010 = 0.86) 2733–3215 3.5% Modeling 2010 Baguelin 

H Papilloma 
(HPV) 

12 y/o 
females 1917 €  1917 3% Modeling 2010 Olsen 

H Papilloma 
(HPV) Girls 12 y/o 3583 €  3583 3–5% Modeling 2015 Olsen 

Influenza 
(IIV3) 

Adults 65 
and over 3690 $US (2016 = 1.11) 3324 3% Modeling 2016 Raviotta 

Influenza 
(TIV) 

Adults 65 
and over 10,750 €  10,750 0% Modeling 2018 Capri 

Source: Authors’ compilation. 

The numerator of the cost/quality ratio (i.e., the cost of vaccination in Spain) is not 
expected to increase, as the cost per dose may even be reduced by competition between 
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vaccines, and the Spanish population will not experience appreciable changes in the short 
term. However, the denominator (years lost) continues to grow with a significant number 
of new deaths each day, so the ICER will progressively decrease as the pandemic 
continues to spread. 

In other words, for every day of active illness, there will be a reduction in the ICER, 
as this represents a continuous increase in the loss of QALYs (denominator). However, if 
the number of patients alive after contracting COVID-19 (and consequently having 
immunity, assuming this lasts a reasonable time) increases substantially, it would also 
impact on reducing the cost-effectiveness of the vaccine. 

In addition, vaccination will generate savings in health expenses and alleviate the 
economic consequences of the pandemic in both the health insurance sector and private 
hospital centers, which, as a result of COVID-19, are currently suffering wage cuts, lay-
offs, and risk of financial unfeasibility [54]. This is just one of the economic issues related 
to COVID-19. 

4. Discussion 
In situations of uncertainty, when reliable data are either not available or arrive late, 

or the pressure on care is so great that statistics cannot be relied upon, the use of simple 
mathematical estimation models can provide information reliable enough for health 
planning, since in this case a highly accurate numerical assessment is not required, but 
rather a range. The consideration of COVID-19 as a serious issue must be easily deduced, 
not only from the data in tables above, but also from the social and political movements 
and urgent plans for action issued by national and international authorities, EU included 
[55]. The data in this paper refer to a disease with morbidity and mortality in progression, 
but what is important is that the model allows easy recalculation with the updating of 
information. 

The procedure followed, including how CFR and IFR were computed, may have 
some limitations: Firstly, the method may estimate data that could not be fully accurate. 
Secondly, it is better to compute CFR during an active outbreak by the ratio death/(death 
+ recovered) [56]. However, they have been considered as one-day ‘snapshots’ analyses 
and carried out, in the case of October values, homogeneously with data related to 
influence for easy comparisons. The importance and impact of our approach are further 
emphasized by the constant interest in the costs of the pandemic by the media [57], with 
estimations of values not far from our own results. Although, considering a relatively 
wide range for imprecision, the values serve as a proxy for the severity of the pandemic 
as compared to influenza and the economic benefits of vaccination. 

A further constraint comes from the fact that economic evaluations of infectious 
disease interventions are often based on predictions from systems of ordinary differential 
equations (ODEs) or Markov models, either static or, more typically, dynamic ones that 
consider herd immunity, which is crucial to avoid overestimation of infection prevalence 
[58–60], although other approaches are possible [61]. Our simplified model may be 
criticized for not following that trend. However, studies of herd immunity on COVID-19 
are already available [62], with seroprevalence rates very low (about 5%). There is also the 
issue of changing age, as the dynamic model could predict an increase in the average age 
at infection after immunization, which could impact the estimate of the cost-effectiveness 
of the program, particularly in this case of serious disease as a function of age. According 
to our model, about 80% of fatalities already correspond to subjects aged over 74. A 
multinational meta-analysis, with a total of 611,583 subjects, showed that 82.9% of the 
fatalities were for those 70 and over, very close to our model considering the four years 
(70–74) range difference and regional variations [63]. The fourth series of mortality data 
from MoMo [5] do not show significant changes in mortality ratios among waves by age, 
but it is true that the vaccination effect is not included, as the number of cases vaccinated 
up to 17 February that could be included in the mortality figure is to be considered nearly 
zero. Additionally, this limitation may result in less relevant, considering that constant 
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models tend to underestimate the cost-effectiveness of the immunization program [59]. 
This papers presents a simplified mathematical model to establish a range for the cost-
effectiveness of COVID-19 vaccination, rather than the procurement of a totally accurate 
computation, which in any case does not seem essential as long as the values obtained are 
well below the cost-effectiveness threshold. 

If SARS-CoV-2 behaves as A(H1N1) influenza with periodic outbreaks—something 
not improbable as both are RNA viruses—even with measures of social distancing and 
periodic lockdowns (each time less popular among citizens), Spain should expect, in the 
next 10 years, between 7 and 12 million of confirmed cases, and over 400,000 deaths (at 
decreasing ratio of about 45,000 per year), a value consistent with estimations in the UK 
by Sandmann et al. [64]. Following this reference—assuming 75% efficacy, 10 years 
protection and 10% of revaccination, discount rate of 3.5% and monetized health impact 
at £20,000 (€22,000)—vaccination (plus physical distancing) versus no vaccination will 
represent between €6.11 and €21.95 million economic gain or Net Monetary Benefit (NMB) 
per million population (i.e., €288.9–€1038.5 million for Spain in ten years) [64]. Values are 
consistent after sensitivity analyses and the proportion of mortality in the UK. Simulations 
studies advocate efficacies of at least 60% [65]. This brings up the issue of the unknown 
duration of immunoprotection. If a periodic COVID-19 vaccination schedule were to be 
established, i.e., a schedule similar to that for other viral processes, such as influenza, the 
cost-effectiveness of vaccination could change appreciably. 

The method of cost-effectiveness has been chosen because among the main indicators 
used in the economic analysis of healthcare planning, (cost-benefit, cost-effectiveness, and 
cost-utility), the effectiveness perspective is useful for decision-making on how best to 
allocate resources, while the cost-benefit ratio analysis helps decision-making on overall 
resource allocation. Quality-adjusted life year analysis allows direct comparison of a wide 
range of health interventions [66,67]. For QALYs, the use of utility scores from a life table 
(Table 1) eases the calculation of the adjusted number of years lost for the average age in 
each of the groups studied. The median age of about 70 for patients admitted in Spanish 
hospitals for COVID-19 [21] is not far from data from another report, also from a country 
with a National Health System, reviewing 16,749 cases [68]. 

Additional reduction for chronicity, mainly resulting from permanent inflammatory 
handicaps (e.g., pulmonary fibrosis) requiring extra healthcare resources, has been 
considered in survivors in an average of 10% [Qw = 0.9 Q0] in cases of ward discharges, 
and 20% [Qw = 0.8 Q0] after ICU discharge. Similar utility scores have been obtained with 
Markov model methodology in cases of other chronic diseases (e.g., in Diabetes Mellitus, 
a disease that also requires periodic visits and controls) [69,70]. Sensitivity analyses of this 
utility score at ±10% (i.e., 0.09–0.11, and 0.18–0.22, respectively) maintain significant 
QALY gains in all cases; Qw could be additionally adjusted for protection length of time 
and annual revaccination rate. A weighted variation related to age could also be 
considered. 

Except for some promising drugs currently in development, there is no effective 
treatment for COVID-19. The first option considered was to examine the role that herd 
immunity might have. We have already predicted that herd immunity would not play a 
major role as a barrier to COVID-19 [4], as confirmed by subsequent serological studies 
[71]. Moreover, data suggest transmission, even from asymptomatic patients, in many 
cases [72]. 

With the results of over 365,000 tests done in England showing that antibody 
response to SAR-CoV-2 wanes over time [73], and reinfection cases reported [74], the 
possibility of herd immunity as a barrier remains low, although it must be admitted that 
the expected severity of reinfected cases should, at least theoretically, be lower, due to the 
residual memory effect of the immune system, which is characteristic of infections [75–
77]. Therefore, at present, there is only one rational, proactive measure to increase herd 
immunity and effectively reduce the number of cases of COVID-19, that being vaccination 
plans [78]. 
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A cost of the vaccine of about £10 for the product, with another £10 for 
administration, as estimated by Sandmann et al. [64], which seems reasonable for a 
country with a National Health System. According to a governmental report in Spain, 
each dose for the vaccine of influenza costs the Spanish Health Care System an average of 
€4.3, and the shot about €6.0 [79]. 

Considering not only the cost of extra protection measures and time required for 
isolation of health professionals prior to COVID-19 vaccine administration, and the high 
demand for a new product, but also the massive acquisitions already announced—it must 
be remembered that the EU has made arrangement for buying 300 million doses of the 
Sanofi-GSK vaccine—a range between 20–30 Euros for each shot (vaccine plus 
administration) when bought at great volume seems reasonable [45,80–82]. 

According to Reuters, there is a plan to inoculate about 50 million US citizens for 
about US$40 per person (€34.5) [83]. Other elements that could influence price are the low-
temperature condition for transport and storage, particularly in developing countries, 
where the role of interventions may differ [84–86]; the forecast of scenarios may change in 
each case [87]. It should be noted that our study refers to two doses of vaccine, but there 
is no evidence to indicate that COVID-19 will not require revaccination, even for life. A 
plan in this case, like that of influenza, will represent about 10 times the cost indicated 
[79]. 

Finally, there may also be factors not captured in the QALY formulas, including 
indirect costs, the value of returning to normal life, the effects on mental health (anxiety, 
depression, fears of losing jobs, and lockdown, production losses, etc., that will 
additionally increase the benefits of vaccination. In other words, that cost-effectiveness 
measured with the standard procedures may not be the only thing that matters [88,89]. 

5. Conclusions 
Left alone, successive COVID-19 outbreaks could represent between 7 and 12 million 

confirmed cases and over 400,000 deaths in Spain in 10 years. Vaccination against SARS-
CoV-2 is the only reasonable approach, and seems clearly indicated after analysis of the 
risks of getting vaccinated versus not getting vaccinated, together with the vaccine data 
available [1,2]. 

The cost estimates with our mathematical model are simple, easily reproducible, and 
fit well with other available data. Data of Table 6 may be used for other purposes, e.g., in 
case of shortage of vaccines, to compare different commercial products. 

Data allows us to appraise an ICER of 5132 euros (4926–5276 euros)—even while 
using a conservative approach of vaccinating about 70% of the Spanish population with a 
vaccine efficacy of about 70% (two injections). This is a very cost-effective ratio as a result 
of a vaccination plan; furthermore, the ratio improves (i.e., the cost decreases) for each 
day of new cases reported after 17 February 2021. 

Author Contributions: Conceptualization, J.E.M.-F.; D.V.-C. and P.P.-B.; software, J.E.M.-F.; 
validation, S.G.-d.-J.; I.S. and P.P.-B.; formal analysis, J.E.M.-F. and I.S.; investigation, J.E.M.-F.; 
resources, D.V.-C.; data curation, S.G.-d.-J. and I.S.; writing—original draft preparation, S.G.-d.-J. 
writing—review and editing, J.E.M.-F. and I.S.; visualization, S.G.-d.-J.; supervision, D.V.-C. and 
P.P.-B.; project administration, D.V.-C.; funding acquisition, D.V.-C. All authors have read and 
agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Acknowledgments: We would like to thank John Wright for help with English editing. To Javier 
Marco-Franco MD, deceased by COVID-19 on 14 May 2020, IN MEMORIAM and to the rest of the 
health professionals who also fell by the wayside in the fight against the pandemic. 

Conflicts of Interest: The authors declare no conflict of interest. 



Mathematics 2021, 9, 566 12 of 15 
 

 

References 
1. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et 

al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2020, 384, 403–416, doi:10.1056/NEJMoa2035389. 
2. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.; Zerbini, 

C.; et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 1–13, 
doi:10.1056/NEJMoa2034577. 

3. Klein, M.W. Mathematical Methods for Economics; Addison-Wesley: Reading, MA, USA, 1998; pp. 1–600. 
4. Marco-Franco, J.E.; Guadalajara-Olmeda, N.; González-de-Julián, S.; Vivas-Consuelo, D. COVID-19 healthcare planning: 

Predicting mortality and the role of the herd immunity barrier in the general population. Sustainability 2020, 12, 5228, 
doi:10.3390/su12135228. 

5. Ministerio de Justicia, Informes MoMo 2020 [Spanish Ministry of Justice, MoMo Report]. Available online: 
https://momo.isciii.es/public/momo/dashboard/momo_dashboard.html (accessed on 18 February 2021). 

6. Torrance, G.W. Measurement of health state utilities for economic appraisal. A review. J. Health Econ. 1986, 5, 1–30, 
doi:10.1016/0167-6296(86)90020-2. 

7. Haacker, M.; Hallett, T.B.; Atun, R. On discount rates for economic evaluations in global health. Health Policy Plan. 2020, 35, 107–
114, doi:10.1093/heapol/czz127. 

8. Attema, A.E.; Bleichrodt, H.; Wakker, P.P. A direct method for measuring discounting and QALYs more easily and reliably. 
Med. Decis. Mak. 2012, 32, 583–593, doi:10.1177/0272989X12451654. 

9. INE. Instituto Nacional de Estadística 2020. [National Institute of Statistics]. Available online: https://www.ine.es/ (accessed on 
27 October 2020). 

10. Database—Eurostat. Available online: https://ec.europa.eu/eurostat/data/database (accessed on 27 October 2020). 
11. di Lego, V.; di Julio, P.; Luy, M. Gender differences in healthy and unhealthy life expectancy. In International Book of Health 

Expectancies; Jagger, C., Crimmins, E.M., Saito, Y., De Carvalho Yakota, R.T., van Oyen, H., Robine, J.M., Eds.; Springer Nature: 
Cham, Switzerland, 2020; pp. 151–172. 

12. Komorowski, M.; Raffa, J. Markov Models and Cost Effectiveness Analysis: Applications in Medical Research. In Secondary 
Analysis of Electronic Health Records; Massacchusetts Institute of Tecnology, Ed.; Springer Open: Cambridge, MA, USA, 2016; pp. 
351–368. 

13. Filipović-Pierucci, A.; Zarca, K.; Durand-Zaleski, I. Markov Models for Health Economic Evaluations: The R Package heemod. 
arXiv 2017, arXiv:1702.03252v2. 

14. Kirsch, F. Economic Evaluations of Multicomponent Disease Management Programs with Markov Models: A Systematic 
Review. Value Health 2016, 19, 1039–1054, doi:10.1016/j.jval.2016.07.004. 

15. National Epidemiological Surveillance Network. Report no. 49. Situation of COVID-19 in Spain. Cases Diagnosed as of 10 May. 
COVID-19 Report, 21 October 2020. Available online: 
https://www.isciii.es/QueHacemos/Servicios/VigilanciaSaludPublicaRENAVE/EnfermedadesTransmisibles/Documents/INFO
RMES/Informes COVID-19/Informe COVID-19. No 49_21 de octubre de 2020.pdf (accessed on 16 December 2020). 

16. National Centre of Epidemiology, Health Institute Carlos III. Influenza Surveillance, 2019–2020 Season Report (From week 
40/2019 to week 20/2020). Available online: 
https://www.isciii.es/QueHacemos/Servicios/VigilanciaSaludPublicaRENAVE/EnfermedadesTransmisibles/Documents/GRIP
E/INFORMES ANUALES/Vigilancia de la Gripe en España. Informe Temporada 2019-2020.pdf (accessed on 22 November 
2020). 

17. National Epidemiology Centre. Instituto de Salud Carlos III. National Epidemiological Surveillance Network. Influenza 
Surveillance System in Spain. Available online: https://vgripe.isciii.es/inicio.do (accessed on 27 October 2020). 

18. Reported Prevalence of COVID-19 in Spain. Available online: https://metroscopia.org/wp-content/uploads/2020/09/20.07-
4Informe_prevalencia.pdf (accessed on 22 November 2020). 

19. Spanish Ministry of Health. Centre of Health Alerts and Emergencies. Update no. 241, 02.11.2020. Coronavirus Disease (COVID-
19). Available online: 
https://www.mscbs.gob.es/en/profesionales/saludPublica/ccayes/alertasActual/nCov/documentos/Actualizacion_241_COVID-
19.pdf (accessed on 9 December 2020). 

20. COVID-19 Team. National Epidemiological Surveillance Network. Report on the situation of COVID-19 in Spain. COVID-19 
report no. 32, 21 May 2020. Available online: 
https://www.isciii.es/QueHacemos/Servicios/VigilanciaSaludPublicaRENAVE/EnfermedadesTransmisibles/Documents/INFO
RMES/Informes%20COVID-19/Informe%20n%c2%ba%2032.%20Situaci%c3%b3n%20de%20COVID-
19%20en%20Espa%c3%b1a%20a%2021%20de%20mayo%20de%202020.pdf (accessed on 9 December 2020). 

21. Spanish Society of Internal Medicine. SEMI-COVID-19 Registry. Available online: 
https://www.fesemi.org/investigacion/proyectos/registro-semi-covid-19 (accessed on 19 December 2020). 

22. COVID-19 team. National Epidemiological Surveillance Network, Report on the situation of COVID-19 in Spain. Report no. 50, 
28 October 2020. Available online: 
https://www.isciii.es/QueHacemos/Servicios/VigilanciaSaludPublicaRENAVE/EnfermedadesTransmisibles/Documents/INFO
RMES/Informes%20COVID-19/Informe%20COVID-19.%20Nº%2050_28%20de%20octubre%20de%202020.pdf (accessed on 16 
December 2020). 



Mathematics 2021, 9, 566 13 of 15 
 

 

23. Coordination Centre for Health Alerts and Emergencies. Update no. 96. Coronavirus Disease (COVID-19). 5 May 2020. 
Available online: 
https://www.mscbs.gob.es/profesionales/saludPublica/ccayes/alertasActual/nCov/documentos/Actualizacion_96_COVID-
19.pdf (accessed on 16 December 2020). 

24. World Health Organization Estimating Mortality from COVID-19: Scientific Brief, 4 August 2020. Available online: 
https://apps.who.int/iris/handle/10665/333642 (accessed on 16 December 2020). 

25. United Kingdom Coronavirus: Worldometer. Available online: https://www.worldometers.info/coronavirus/country/uk/ 
(accessed on 1 November 2020). 

26. Ministry of Health. Update no. 314. Coronavirus Disease (COVID-19). 17 February 2021. Available online: 
https://www.mscbs.gob.es/profesionales/saludPublica/ccayes/alertasActual/nCov/documentos/Actualizacion_314_COVID-
19.pdf (accessed on 19 February 2021). 

27. Dudine, P.; Hellwig, K.-P.; Jahan, S. A Framework for Estimating Healths Spending in Response to COVID-19. Available online: 
https://www.imf.org/en/Publications/WP/Issues/2020/07/24/A-Framework-for-Estimating-Health-Spending-in-Response-to-
COVID-19-49550 (accessed on 9 December 2020). 

28. Hackett, M. The Average Cost of Hospital Care for COVID-19 Ranges from $51,000 to $78,000, Based on Age. Available online: 
https://www.healthcarefinancenews.com/news/average-cost-hospital-care-covid-19-ranges-51000-78000-based-
age#:~:text=Patients%20aged%2021%20to%2040,paid%20the%20least%E2%80%94about%20%24460%2C989.&text=Inpatient%
20COVID-19%20hospitalizations%20could,in%202020%2C (accessed on 9 December 2020). 

29. Costs for a Hospital Stay for COVID-19. Available online: https://www.fairhealth.org/article/costs-for-a-hospital-stay-for-covid-
19 (accessed on 9 December 2020). 

30. COVID-19 Hospitalizations Projected to Cost Up to $17B in US in 2020. Available online: https://avalere.com/insights/covid-19-
hospitalizations-projected-to-cost-up-to-17b-in-us-in-2020 (accessed on 9 December 2020). 

31. Rae, M.; Claxton, G.; Kurani, N.; McDermott, D.; Cox, C. Potential Costs of COVID-19 Treatment for People with Employer 
Coverage. Available online: https://www.healthsystemtracker.org/brief/potential-costs-of-coronavirus-treatment-for-people-
with-employer-coverage/ (accessed on 9 December 2020). 

32. Wahlberg, D. Covid-19 Treatment Costs about 14500 per Person New Study Says. The Wiscounin State Journal; [Press Release, 28 
September 2020]. Available online: https://madison.com/wsj/news/local/health-med-fit/covid-19-treatment-costs-about-14-500-
per-person-new-study-says/article_d7031064-ee8d-5cbb-84d3-b9844cbcf4cd.html (accessed on 12 September 2020). 

33. Rees, E.M.; Nightingale, E.S.; Jafari, Y.; Waterlow, N.R.; Clifford, S.; Carl, C.A.; Group, C.W.; Jombart, T.; Procter, S.R.; Knight, 
G.M. COVID-19 length of hospital stay: A systematic review and data synthesis. BMC Med. 2020, 18, 270, doi:10.1186/s12916-
020-01726-3. 

34. NHS Interactive Consultation. Available online: https://pestadistico.inteligenciadegestion.mscbs.es/publicoSNS/C/rae-
cmbd/rae-cmbd/grupos-relacionados-por-el-diagnostico-grd/grd-estadisticos-por-comunidad-autonoma-grupo-de-hospitales-
servicios (accessed on 11 December 2020). 

35. González Chordá, V.M.; Maciá Soler, M.L. Diagnosis-Related Patient Groups (DRG) in Spanish general hospitals: Variability in 
average length of stay and average cost per process. Enfermería Glob. 2011, 10, 125–144, doi:10.4321/s1695-61412011000400011. 

36. Ministry of Health, Consumer Affairs and Social Welfare. Portal web of the NHS—Statistics and Studies—Reports and 
Compilations. Available online: 
https://www.mscbs.gob.es/estadEstudios/estadisticas/inforRecopilaciones/anaDesarrolloGDR.htm (accessed on 11 December 
2020). 

37. Ministry of Health, Consumer Affairs and Social Welfare. Portal Web of the NHS. Analysis of Healthcare Activity—Acute 
Hospitals of the National Health System (NHS): Average Cost (C.M.) in Euros According to Type of Healthcare Activity and 
Highest Cost Processes. Available online: https://www.mscbs.gob.es/estadEstudios/sanidadDatos/tablas/tabla24_1.htm 
(accessed on 11 December 2020). 

38. Quality Agency of the National Health System—Health Information Institute. Hospitalization Costs in the National Health 
System. Resource Consumption According to Complexity of the Patients Attended through the Diagnosis Related Groups 
(DRG). Spanish Weights of the Diagnosis-Related Groups. Available online: 
https://www.mscbs.gob.es/estadEstudios/estadisticas/docs/pesosCostes2004ResumenNotas.pdf (accessed on 11 December 
2020). 

39. Boëlle, P.-Y.; Delory, T.; Maynadier, X.; Janssen, C.; Piarroux, R.; Pichenot, M.; Lemaire, X.; Baclet, N.; Weyrich, P.; Melliez, H.; 
et al. Trajectories of Hospitalization in COVID-19 Patients: An Observational Study in France. J. Clin. Med. 2020, 9, 3148, 
doi:10.3390/jcm9103148. 

40. Coe, E.; Enomoto, K.; Finn, P.; Stenson, J.; Weber, K. Understanding the Hidden Costs of COVID-19′s Potential Impact on US 
Healthcare; 2020. Available online: https://www.mckinsey.com/industries/healthcare-systems-and-services/our-
insights/understanding-the-hidden-costs-of-covid-19s-potential-impact-on-us-healthcare# (accessed on 11 December 2020). 

41. Briggs, A. Estimating QALY Losses Associated with Deaths in Hospital (COVID-19); Research Note. 2020. Available online: 
https://avalonecon.com/wp-content/uploads/2020/04/COVID-19-QALYs-v3.pdf (accessed on 27 February 2021). 

42. Sonnenberg, F.A.; Beck, J.R. Markov Models in Medical Decision Making: A Practical Guide. Med. Decis. Mak. 1993, 13, 322–338, 
doi:10.1177/0272989X9301300409. 



Mathematics 2021, 9, 566 14 of 15 
 

 

43. Cho, S.W.; Kim, S.H.; Kim, Y.E.; Yoon, S.J.; Jo, M.W. Estimating Lifetime Duration of Diabetes by Age and Gender in the Korean 
Population Using a Markov Model. J. Korean Med. Sci. 2019, 34 (Suppl. 2), e74, doi:10.3346/jkms.2019.34.e74. 

44. Dyer, O. (2021). Countries are learning what others paid for vaccines, BMJ 2021;372:n281, 1–2,  doi.org/10.1136/bmj.n281 
(accessed on 27 February 2021). 

45. Healthline [Blog post, 11 August, 2020]. How Much Will You Pay for a COVID-19 Vaccine? Here’s What We Know. Available 
online: https://www.healthline.com/health-news/how-much-will-you-pay-for-a-covid-19-vaccine-heres-what-we-know 
(accessed on 26 November 2020). 

46. Analysis: How a COVID-19 Vaccine Could Cost Americans Dearly; Kaiser Health News. Available online: 
https://khn.org/news/analysis-how-a-covid-19-vaccine-could-cost-americans-dearly/ (accessed on 11 December 2020). 

47. YHEC Incremental Cost-Effectiveness Ratio (ICER)—YHEC—York Health Economics Consortium. Available online: 
https://yhec.co.uk/glossary/incremental-cost-effectiveness-ratio-icer/ (accessed on 11 December 2020). 

48. Brisson, M.; Van de Velde, N.; De Wals, P.; Boily, M.C. The potential cost-effectiveness of prophylactic human papillomavirus 
vaccines in Canada. Vaccine. 2007, 25, 5399–5408, doi:10.1016/j.vaccine.2007.04.086. 

49. Marseille, E.; Larson, B.; Kazi, D.S.; Kahn, J.G.; Rosen, S. Thresholds for the cost–effectiveness of interventions: Alternative 
approaches. Bull. World Health Organ. 2015, 93, 118–124, doi:10.2471/BLT.14.138206. 

50. Neumann, P.J.; Cohen, J.T.; Weinstein, M.C. Updating Cost-Effectiveness—The Curious Resilience of the $50,000-per-QALY 
Threshold. N. Engl. J. Med. 2014, 371, 796–797, doi:10.1056/NEJMp1405158. 

51. Cellini, S.R.; Kee, J.E. Cost-Effectiveness and Cost-Benefit Analysis. In Handbook of Practical Program Evaluation, 4th ed.; 
Newcomer, K.E., Hatry, H.P., Wholey, J.S., Eds.; Jossey-Bass: Hoboken, NJ, USA, 2015; pp. 1–912. 

52. Yarnoff, B.O.; Hoerger, T.J.; Simpson, S.K.; Leib, A.; Burrows, N.R.; Shrestha, S.S.; Pavkov, M.E. The cost-effectiveness of using 
chronic kidney disease risk scores to screen for early-stage chronic kidney disease. BMC Nephrol. 2017, 18, doi:10.1186/s12882-
017-0497-6. 

53. Garau, M.; Shah, K.K.; Mason, A.R.; Wang, Q.; Towse, A.; Drummond, M.F. Using QALYs in cancer: A review of the 
methodological limitations. Pharmacoeconomics. 2011, 29, 673–685, doi:10.2165/11588250-000000000-00000. 

54. Bai, G.; Zare, H. Hospital Cost Structure and the Implications on Cost Management During COVID-19. J. Gen. Intern. Med. 2020, 
35, 2807–2809, doi:10.1007/s11606-020-05996-8. 

55. European Commission EU Strategy for COVID-19 Vaccines. Available online: https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:52020DC0245&from=EN (accessed on 13 December 2020). 

56. Our World in Data -COVID-19 dataset. Mortality Risk of COVID-19. Available online: https://ourworldindata.org/mortality-
risk-covid (accessed on 11 December 2020). 

57. Mas de Xaxás, J. The value of priceless lives. [Press Release, 17 June 2020]. La Vanguardia. Available online: 
https://www.lavanguardia.com/sanidad/20200517/481173874983/coronavirus-covid-19-viscusi-valor-estadistico-de-la-
vida.html (accessed on 26 November 2020). 

58. Anderson, R.M.; May, R.M. Infectious Diseases of Humans: Dynamics and Control; Oxford University Press: Oxford, UK, 1999; pp. 
1–740. 

59. Edmunds, W.J.; Medley, G.F.; Nokes, D.J. Evaluating the cost-effectiveness of vaccination programmes: A dynamic perspective. 
Stat. Med. 1999, 18, 3263–3282, doi:10.1002/(SICI)1097-0258(19991215)18:23<3263::AID-SIM315>3.0.CO;2-3. 

60. Haeussler, K.; Den Hout, A.; Van Baio, G. A dynamic Bayesian Markov model for health economic evaluations of interventions 
in infectious disease. BMC Med. Res. Methodol. 2018, 18, 82, doi:10.1186/s12874-018-0541-7. 

61. Manski, C.F. Mandating vaccination with unknown indirect effects. J. Public Econ. Theory 2017, 19, 603–619, 
doi:10.1111/jpet.12234. 

62. Ministry of Health. ENE-COVID study: Final Report (6 July 2020). National Sero-Epidemiology Study of SARS-COV-2 Infection. 
Available online: https://www.mscbs.gob.es/ciudadanos/ene-covid/docs/ESTUDIO_ENE-COVID19_INFORME_FINAL.pdf.63 
(accessed on 13 December 2020). 

63. Bonanad, C.; García-Blas, S.; Tarazona-Santabalbina, F.; Sanchis, J.; Bertomeu-González, V.; Fácila, L.; Ariza, A.; Núñez, J.; 
Cordero, A. The Effect of Age on Mortality in Patients With COVID-19: A Meta-Analysis With 611,583 Subjects. J. Am. Med. Dir. 
Assoc. 2020, 21, 915–918, doi:10.1016/j.jamda.2020.05.045. 

64. Sandmann, F.; Davies, N.G.; Vassall, A.; Edmunds, W.J.; Jit, M.; Sherratt, K.; Liu, Y.; Abbas, K.; Funk, S.; Endo, A.; et al. The 
potential health and economic value of SARS-CoV-2 vaccination alongside physical distancing in the UK: Transmission model-
based future scenario analysis and economic evaluation Centre for the Mathematical Modelling of Infectious Diseases COVID-
19 work. medRxiv 2020, preprint, doi:10.1101/2020.09.24.20200857. 

65. Bartsch, S.M.; O’Shea, K.J.; Ferguson, M.C.; Bottazzi, M.E.; Wedlock, P.T.; Strych, U.; McKinnell, J.A.; Siegmund, S.S.; Cox, S.N.; 
Hotez, P.J.; et al. Vaccine Efficacy Needed for a COVID-19 Coronavirus Vaccine to Prevent or Stop an Epidemic as the Sole 
Intervention. Am. J. Prev. Med. 2020, 59, 493–503, doi:10.1016/j.amepre.2020.06.011. 

66. Szucs, T. Cost-benefits of vaccination programmes. Vaccine 2000, 18 Suppl.1, S49–51, doi:10.1016/S0264-410X(99)00464-8. 
67. Drummond, M.F.; Sculpher, M.J.; Claxton, K.; Stoddart, G.L.; Torrance, G.W. Methods for the Economic Evaluation of Health Care 

Programmes, 4th ed.; Oxford University Press: Oxford, UK, 2015; pp. 1–464. 
68. Docherty, A.; Harrison, E.; Green, C.; Hardwick, H.; Pius, R.; Norman, L.; Holden, K.; Read, J.; Dondelinger, F.; Carson, G.; et 

al. Features of 16,749 hospitalised UK patients with COVID-19 using the ISARIC WHO Clinical Characterisation Protocol. JS 
Nguyen-Van-Tam 2020, 10, doi:10.1101/2020.04.23.20076042. 



Mathematics 2021, 9, 566 15 of 15 
 

 

69. Coffey, J.T.; Brandle, M.; Zhou, H.; Marriott, D.; Burke, R.; Tabaei, B.P.; Engelgau, M.M.; Kaplan, R.M.; Herman, W.H. Valuing 
health-related quality of life in diabetes. Diabetes Care 2002, 25, 2238–2243, doi:10.2337/diacare.25.12.2238. 

70. Mar, J.; Antoñanzas, F.; Pradas, R.; Arrospide, A. Probabilistic Markov models in the economic evaluation of health 
technologies: A practical guide. Gac. Sanit. 2010, 24, 209–214, doi:10.1016/j.gaceta.2010.02.006. 

71. ENE-COVID Group. National Epidemiology Centre. Heath Institute Carlos III. ENE-COVID Study: Final Report of the National 
Sero-Epidemiology Study of Sars-CoV-2 Infection in Spain. Available online: https://www.mscbs.gob.es/ciudadanos/ene-
covid/docs/ESTUDIO_ENE-COVID19_INFORME_FINAL.pdf (accessed on 16 December 2020). 

72. Peeling, R.W.; Wedderburn, C.J.; Garcia, P.J.; Boeras, D.; Fongwen, N.; Nkengasong, J.; Sall, A.; Tanuri, A.; Heymann, D.L. 
Serology testing in the COVID-19 pandemic response. Lancet Infect. Dis. 2020, 20, e245–e249. 

73. Imperial College London. Coronavirus Antibody Prevalence Falling in England, REACT Study Shows; Imperial News. 
Available online: https://www.imperial.ac.uk/news/207333/coronavirus-antibody-prevalence-falling-england-react/ (accessed 
on 26 November 2020). 

74. European Centre for Disease Prevention and Control. Reinfection with SARS-CoV-2: Considerations for Public Health 
Response. Available online: https://www.ecdc.europa.eu/sites/default/files/documents/Re-infection-and-viral-shedding-threat-
assessment-brief.pdf (accessed on 15 January 2021). 

75. Schenkel, J.M.; Fraser, K.A.; Beura, L.K.; Pauken, K.E.; Vezys, V.; Masopust, D. Resident memory CD8 t cells trigger protective 
innate and adaptive immune responses. Science. 2014, 346, 98–101, doi:10.1126/science.1254536. 

76. Vajdy, M.; Mantis, N.J.; Krammer, F. (Eds.) Induction and Maintenance of Long-Term Immunological Memory Following Infection or 
Vaccination; Frontiers Media SA: Lausanne, Switzerland, 2020; pp. 1–123. 

77. Hoffmann, J.A.; Reichhart, J.M. Drosophila innate immunity: An evolutionary perspective. Nat. Immunol. 2002, 3, 121–126, 
doi:10.1038/ni0202-121. 

78. Siciliani, L.; Wild, C.; McKee, M.; Kringos, D.; Barry, M.M.; Barros, P.P.; De Maeseneer, J.; Murauskiene, L.; Ricciardi, W. 
Strengthening vaccination programmes and health systems in the European Union: A framework for action. Health Policy 2020, 
124, 511–518. 

79. Soler Soneira, M.; Olmedo Lucerón, C.; Sánchez-Cambronero Cejudo, L.; Cantero Gudino, E.; Limia Sánchez, A. The Cost of 
Lifelong Vaccination in Spain. Rev. Esp. Salud Publica. 2020, 94, 1–12. Available online: 
http://scielo.isciii.es/scielo.php?script=sci_arttext&pid=S1135-57272020000100064 (accessed on 26 November 2020). 

80. Ben-Anchour, S. How Much Will a Coronavirus Vaccine Cost? Marketplace [Blog Post 17 July 2020]. Available online: 
https://www.marketplace.org/2020/07/17/how-much-will-coronavirus-vaccine-cost/ (accessed on 26 November 2020). 

81. EU Commission [Press release Coronavirus 18 September 2020]: The Commission Signs Second Contract to Ensure Access to a 
Potential Vaccine. Available online: https://ec.europa.eu/commission/presscorner/detail/en/IP_20_1680 (accessed on 26 
November 2020). 

82. Lupkin, S. Prices for COVID-19 Vaccines Are Starting to Come into Focus. Available online: 
https://www.npr.org/sections/health-shots/2020/08/06/899869278/prices-for-covid-19-vaccines-are-starting-to-come-into-
focus?t=1604735891415&t=1606389648099 (accessed on 26 November 2020). 

83. O’Donnell, C.U.S. Sets Global Benchmark for COVID-19 Vaccine Price at around the Cost of a Flu Shot | Reuters. Available 
online: https://www.reuters.com/article/us-health-coronavirus-vaccine-pricing-an-idUSKCN24O1DA (accessed on 26 
November 2020). 

84. Timesofindia. Coronavirus Vaccines: 3 Factors That Will Decide the Cost of the Vaccine. Etimes; [Blog Post 29 September 2020] 
Available online: https://timesofindia.indiatimes.com/life-style/health-fitness/health-news/coronavirus-vaccines-3-factors-that-
will-decide-the-cost-of-the-vaccine/articleshow/78384036.cms (accessed on 26 November 2020). 

85. COV-IND-19 Study Group. Predictions and Role of Interventions for COVID-19 Outbreak in India. Available online: 
https://sph.umich.edu/covid/modeling/index.html (accessed on 26 November 2020). 

86. EU Commission [Press Release Coronavirus 24 September 2020]. Questions and Answers: Coronavirus and the EU Vaccines 
Strategy. Available online: https://ec.europa.eu/commission/presscorner/detail/en/qanda_20_1662 (accessed on 26 November 
2020). 

87. Centers for Disease Control and Prevention. COVID-19 Pandemic Planning Scenarios Available online: 
https://www.cdc.gov/coronavirus/2019-ncov/hcp/planning-scenarios.html (accessed on 26 November 2020). 

88. Appleby, J. Will covid-19 vaccines be cost effective—And does it matter? BMJ 2020, 371, m4491–m4491, doi:10.1136/bmj.m4491. 
89. Boersma, C.; Postma, M.J. Health Economics of Vaccines: From Current Practice to Future Perspectives. Value Health 2020, 24, 

1–2, doi:10.1016/j.jval.2020.11.006. 
 


