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Abstract
Background and Objectives Covid-19 vaccines approved by the EU, UK and USA have been found to be safe and effective. The 
cost effectiveness of these vaccines depends upon a number of factors. The aim of this paper is to explore the cost effectiveness of 
a COVID-19 vaccine and to analyse how the price of the vaccine and the cost of administrating it influence its cost effectiveness.
Methods We considered an epidemiological model developed by an expert group within ‘Statens Serum Institut’, which is a 
unit under the auspices of the Danish Ministry of Health. The model allowed us to differentiate between two population groups, 
those aged ≥60 years and those aged <60 years. We used the model to consider four scenarios: (i) vaccination of 25% of the total 
population (corresponding to approximately 1.5 million persons) but targeting vaccines towards the population aged ≥60 years, (ii) 
vaccination of 25% of the total population, targeting vaccines only towards the population aged <60 years, (iii) vaccination of 40% 
of the total population where 15% are aged <60 years and 25% are aged ≥60 years (corresponding approximately to the full Dan-
ish population aged >60 years), and (iv) 40% of the total population is vaccinated but vaccines are targeted solely towards those 
aged <60 years. The time horizon of the analysis was six months, and the perspective was that of the Danish healthcare sector.
Results The results show that inclusion of the elderly population aged ≥60 years was more cost effective than a vaccination 
strategy that targeted a population aged <60 years old only, when productivity losses were not included. Furthermore, the 
results show that an extension of the target group from the elderly population only, to also include the younger population 
comes with an increasing cost per life-year gained. The incremental cost-effectiveness ratio depends on the price of the vac-
cine, hereunder also the administration costs, and the discount rate used for the estimation of life-years or quality-adjusted 
life-years gained from a vaccine. Furthermore, inclusion of productivity losses in the analyses influenced the cost effective-
ness of vaccination of the population aged <60 years of age.
Conclusion The cost effectiveness of a COVID-19 vaccine is sensitive to whether or not productivity losses are included in 
the analyses. Without productivity losses, the elderly population should always be part of the target group for a COVID-19 
vaccination programme. Taking productivity losses into account, at least in the case of low vaccine prices, vaccinating the 
younger population first can actually be cost effective.
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1 Introduction

At an unprecedented pace, several vaccines against coro-
navirus disease 2019 (COVID-19) have been developed, 
and several countries have adopted the vaccines in their 
efforts to control the disease [1, 2]. In addition to prevent-
ing the spread of the disease with all its consequences for 

the health and life of the infected, it is expected that many 
of the restrictions on human interactions can be lifted.

The vaccines that have been approved by the EU, UK 
and the USA have been found to be safe and 70%–95% 
effective against COVID-19 after two doses [3–5].

However, the cost effectiveness of the vaccines depends 
on several factors. An important aspect is the price of the 
vaccination and the costs of administrating it. That is, the 
total cost of vaccinating the population should be seen in 
relation to the costs of, for example, hospital treatment that 
can be avoided because of reduced cases of COVID-19.

Since healthcare systems are organised nationally, all 
countries in the world need to handle a shortage of vac-
cines in the short term. In the long term, national policy 
makers may also need to consider how the distribution 
of a vaccine should be organised and how it should be 
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Key Points 

Vaccination of the population aged 60 years and older 
against COVID-19 is a cost-effective strategy compared 
with other strategies in the Danish vaccination pro-
gramme.

Whether the vaccination programme against COVID-19 
for the population younger than 60 years old is cost-
effective depends on the price of the vaccine and the 
costs of its administration as well as the testing costs.

which is a unit under the auspices of the Danish Ministry 
of Health [14]. We added a vaccination component to ana-
lyse the effects of a COVID-19 vaccine on both health and 
economic outcomes for the Danish population over a time 
horizon of 6 months.

The health outcome was measured as life-years and 
quality-adjusted life-years (QALYs) gained. Costs were 
assessed from the perspective of the Danish healthcare 
sector, which included cost of vaccine and administration 
of the vaccine, testing for COVID-19 and GPs follow-up 
service on detection of a virus infection, and the costs of 
hospitalisation of patients because of an infection with 
COVID-19 virus. In addition, we included costs in terms 
of productivity loss.

The epidemiologic model allowed us to differentiate 
between two groups of individuals, those aged above and 
those aged below 60 years of age, respectively.

We limited the analyses to study the cost-effectiveness 
of a limited number of vaccine doses corresponding to vac-
cinating 25% and 40% of the total population, correspond-
ing to approximately 1.5 million persons and 2.4 million 
persons, respectively.

2.2  Scenarios

We considered four scenarios, where we used the following 
notation: Vaccinated population = (v;w) where v refers to 
individuals aged <60 years who were vaccinated, measured 
in percentage of the total population, and correspondingly, 
w denotes the percentage of the total population aged ≥60 
years that was vaccinated .

In two scenarios we considered vaccination of a popu-
lation size equivalent to the elderly population. Based 
on official Danish statistics, the number of persons aged 
≥60 years was 1,513,240 in the 3rd quarter of 2020 
[15]. This corresponded to approximately 25% of the 
total population. In the other two scenarios we consider 
availability of the vaccine corresponding to 50% of the 
population aged ≥16 years, approximately correspond-
ing to vaccination of 40% of the population (2.4 million 
persons).

The four scenarios were compared to status quo: 
Vaccinated population = (0%;0%) . We defined four mutu-
ally exclusive scenarios:

Vaccinated population = (0 %;25 %)

Vaccinated population = (25 %;0 %)

Vaccinated population = (15 %;25 %)

Vaccinated population = (40%;0)

For modelling purposes, we assumed that the vaccines 
were available from the beginning of the time period applied 
in the model.

financed. In this paper we address these questions from the 
perspective of the Danish healthcare system.

In Denmark, universal healthcare coverage is provided 
to all permanent residents. Each resident is listed with a 
general practitioner (GP), and GPs are reimbursed by a 
combination of capitation (based on the number of resi-
dents on their list) and fee-for-service [6]. Hospital treat-
ment and healthcare services from GPs are, with a few 
exceptions, provided free of charge to patients.

In terms of vaccination, all children in Denmark are cov-
ered by a national comprehensive childhood vaccination pro-
gramme, which among others includes vaccination against 
diphtheria, tetanus, pertussis, polio, measles, mumps, rubella 
[7]. The human papillomavirus (HPV) vaccination against 
cervical cancer for girls and boys has been included in the 
programme since 2009 and 2019, respectively [8, 9].

In the national programme, all persons aged ≥65 years 
and persons with chronic diseases are recommended to 
be vaccinated against seasonal influenza and pneumonia.

The regions cover the cost of vaccinations that are 
included in the national immunisation programmes [6].

The cost-effectiveness of these vaccines has been 
studied in a Danish context previously, even though such 
considerations may not have been included directly in the 
decision to include these vaccinations in the Danish Immu-
nisation programme [10–13].

The aim of this paper is to explore the cost-effectiveness 
of a COVID-19 vaccination. However, since significant 
aspects of the vaccine remain uncertain, such as availabil-
ity and target groups, we aim to analyse how these aspects 
influence the cost-effectiveness of the vaccine.

2  Methods

2.1  Overview

We used a dynamic transmission model, which was devel-
oped by an expert group in ‘Statens Serum Institut’ (SSI), 
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2.3  Transmission Model

The dynamic transition model used a SEIR (susceptible, 
exposed, infectious, recovered) structure (Fig. 1).

For details about parameter ranges and the associated 
ordinary differential equation model see [14, 16]. We do 
repeated simulations (bootstraps, in our case 10.000) with 
parameters chosen uniformly from the parameter ranges 
given in Table 1. These simulations are weighted accord-
ing to how well the number of predicted hospitalised indi-
viduals fit the actual number of hospitalised individuals in 
Denmark between March 11th and August 26th, 2020, split 
between the younger and older populations according to the 
corresponding ratio of all hospitalisations until May 19th. 
The 60% of simulations that fit worst were discarded. The 
differential equation model is listed in Fig. 2, and we list 
parameters and initial values used in the Supplementary 
material. We implemented the differential equation model 
in MATLAB and solved it using the stiff solver ode15s [17].

The model predicted the number of individuals dying on 
intensive care due to COVID-19, while the official definition 
of COVID19-related deaths counts the individuals dying 
within 30 days after a COVID-19 diagnosis. Therefore, we 
determined the ratio of the estimated weighted median of 
the cumulative number of individuals dying on intensive 
care and number of individuals dying within 30 days after a 
COVID-19 diagnosis from March 11th to August 26th. We 
did so for both age groups. We used these ratios to estimate 
for each of the two age groups the number of individuals 

dying 30 days after a COVID-19 diagnosis from the cumula-
tive number of individuals dying on intensive care.

As for the number of individuals dying within 30 days 
after a COVID-19 diagnosis from March 11th to August 
26th, the distribution on the two age groups was not avail-
able so we estimated it by using the ratio between the num-
ber of younger and older individuals dying within 30 days 
after a COVID-19 diagnosis from March 11th to May 19th.

2.4  Resource Use and Costs

All costs were measured for the year 2020 and reported in 
Danish kroner (DKK).1

The cost of vaccination incorporates a number of uncer-
tainties. First, apparently the price of the vaccine varies 
widely. Second, the cost of administering the vaccine will 
depend on the organisation of the vaccination programme. 
To deal with these uncertainties, we varied the unit cost from 
300 to 500 DKK per vaccinated person, where we assumed 
that each person requires two vaccinations to be fully immu-
nised against COVID-19. We based this on the following 
reasoning.

First, it is based on a now deleted entry on a social media 
platform by a European Minister of Health, who reported 
that the price of the vaccines was to be from 13 to 109 DKK 
per dose [18].

Fig. 1  SSI’s extended structured SEIR model. SSI Statens Serum 
Institut, SEIR susceptible, exposed, infectious, recovered. S denotes 
the percentage of individuals susceptible to the virus, E1 to E3 the 
percentage of individuals having been exposed, so being infected 
but not yet infecting themselves, IR,1 to IR,3 the percentage of infected 
individuals recovering at home, IH,1 to IH,3 the percentage of infected 
individuals that will need hospital care, HR the percentage of hospi-

talised individuals recovering, HC the percentage of hospitalised indi-
viduals coming in need for intensive care, CR the percentage of indi-
viduals on intensive care that are going to recover, CD the percentage 
of individuals on intensive care that are going to die, D the percent-
age of individuals that died in the hospital. Each state distinguished 
between patients above 60 years old (i=2) and patients younger than 
60 years (i=1)

1 1 USD corresponds approximately to 6 DKK, 1 EUR corresponds 
approximately 7.4 DKK (January 2021).
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Table 1  Parameters used for bootstrapping

Numbers in parentheses are 95% credibility intervals, numbers in brackets are 25, 50 and 75 percentiles

Parameter Range i = 1(< 60years) Range i = 2(≥ 60years)

�EI
i

 in 1/days 1/6–1/4
(0.17; 0.25)
[0.17; 0.2; 0.25]

1/6–1/4
(0.17; 0.25)
[0.17; 0.2; 0.25]

� IR
i

 in 1/days 1/6–1/4
(0.17; 0.23)
[0.19; 0.21; 0.23]

1/6–1/4
(0.17; 0.25)
[0.18; 0.20; 0.22]

� IH
i

 in 1/days 1/10–1/6
(0.10; 0.16)
[0.11; 0.13; 0.14]

1/9–1/5
(0.11; 0.20)
[0.13; 0.14; 0.17]

�HC
i

 in 1/days 2/5–2
(0.41; 1.8)
[0.50; 0.66; 0.99]

2/3–2
(0.68; 1.9)
[0.80; 1.01; 1.35]

�CR
i

 in 1/days 1/28–1/14
(0.04; 0.07)
[0.04; 0.05; 0.06]

1/28–1/14
(0.04; 0.07)
[0.04; 0.05; 0.06]

�HR
i

 in 1/days 1/9–1/5
(0.11; 0.20)
[0.13; 0.14; 0.17]

1/15–1/5
(0.07; 0.19)
[0.08; 0.10; 0.13]

p
IH

i
0.05–0.50%
(0.06; 0.49%)
[0.17; 0.27; 0.38%]

5.0–6.2%
(5.0; 6.2%)
[5.29; 5.58; 5.89%]

p
HR

i
77–97%
(78; 97%)
[83; 87; 92%]

80–90%
(70; 90%)
[76; 81; 86%]

p
CR

i
70–95%
(71; 94.%)
[77; 83; 89%]

45–55%
(45; 55%)
[48; 50; 52%]

�C

i
 in 1/days 1/28–1/14

(0.04; 0.07)
[0.04; 0.05; 0.06 ]

1/28–1/14
(0.04; 0.07)
[0.04; 0.05; 0.06]

I0
i

40,000–70,000
(40,800; 69,100)
[46,900; 54,200; 62100]

5,000–14,000
(5,230; 13,700)
[7,190; 9,450; 11,800]

RR 0.5–1.5
(0.51; 1.14)
[0.59; 0.69; 0.82]

�
ii
 March 11 to April 14 (Phase 1) 0.12–0.22

(0.12; 0.22)
[0.14; 0.16; 0.19]

0.14–0.24
(0.14; 0.24)
[0.16; 0.19; 0.21]

�12 = �21 March 11 to April 14 0.02–0.12
(0.02; 0.12)
[0.04; 0.06; 0.09]

1

2
Δ�

ii
 April 15 to May 17 0.0–0.072 0.0–0.022

1

2
Δ�

12
=

1

2
Δ�

21
 April 15 to May 17 0.0–0.01

1

2
Δ�

ii
 May 18 to May 30 0.0–0.076 0.0–0.057

1

2
Δ�

12
=

1

2
Δ�

21
 May 18 to May 30 0.0–0.027

1

2
Δ�

ii
 June 1 to June 26 and from August 10 0.0–0.015 0.0–0.017

1

2
Δ�

12
=

1

2
Δ�

21
 June 1 to June 26 and from August 10 0.0–0.009

1

2
Δ�

ii
 June 27 to August 9 −0.15–0.0 -0.086–0.0

1

2
Δ�

12
=

1

2
Δ�

21
 June 27 to August 9 −0.04–0.0
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Second, since some of the vaccinations in Denmark will 
be carried out by general practitioners, the regional health 
authorities have made an agreement with the GPs’ organi-
sation. In this agreement, a GP is remunerated with 146.25 
DKK for a vaccination that is given on weekdays [19]. Fur-
thermore, it is expected that GPs primarily vaccinate persons 
who live in nursing homes, whereas vaccination of the rest 
of the Danish population is expected to take place in vac-
cination centres [20].

The cost of hospitalisation was estimated on the basis 
of the diagnosis-related group (DRG) tariffs, which reflect 
the average operating cost for treatment of a patient in the 
group in a Danish publicly owned hospital [21]. Thus, 
since the charges are used for hospitalisations due to conta-
gious infections, it includes preventive materials. Further-
more, it was based on documentation by The Danish Health 
Data Authority (DHDA) on how to assign hospitalisations 
due to COVID-19 in the DRG system [22]. Unfortunately, 
we were not able to access information on the distribu-
tion of hospitalised patients on their diagnoses and DRG 
classification.

We assumed that patients were hospitalised for more 
than one day, and that patients who were hospitalised in an 
intensive care unit suffered from a severe acute respiratory 

syndrome, whereas patients who were hospitalised outside 
an intensive care unit suffered from COVID-19 infection 
without specification of the localisation, and that patients 
hospitalised outside an intensive care unit did not suffer 
from complications. We also assumed that all hospitalised 
patients were aged ≥18 years. The latter was based on the 
observation that <3% of all hospitalised patients were aged 
≤19 years [23].

In accordance with the DHDA’s classification, patients in 
need of respirator treatment were assumed to be classified 
in one of four intensive care groups, which included organ 
failure.

Since the distributions of patient diagnoses and DRG 
classifications were unknown, we used three different speci-
fications for the hospitalisation cost parameters presented in 
Table 2. In particular, the unit cost for patients in respirator 
treatment varied.

In the presentation of the results, we used specification 
number 1 as the base case, and used the other specifications 
for sensitivity analyses.

Finally, we expected that vaccine administration would 
reduce the number of tests for infection with the virus which 
causes COVID-19. We assumed that the unit cost of a test 
was 200 DKK based on information from the regional health 
authorities interest organisation Danish Region brought for-
ward in news media. The unit costs included test equipment, 
reagents, and salary to staff who carry out the test and the 
analyses of the test [24].

In addition to the cost of the test, we included the costs 
to general practitioners for follow-up services when a test 
proves a positive. According to an agreement between the 
Danish regional health authorities and the general practition-
ers’ organisation, the general practitioners were remunerated 
146.25 DKK [25].

To carry out the analyses we needed an estimate of the 
number of people diagnosed with COVID-19 and we needed 
an estimate of the number of tests.

The number of people being diagnosed with COVID-19 
required a stepwise calculation as the epidemiological model 
only calculated the number of people being infected. To 
transform the cumulative number of individuals infected 
with COVID-19 to the number of people being diagnosed, 
we needed to know the proportionality between the two. 
Thus, we calculated the ratio of the estimated weighted 
median of the cumulative number of infected individuals, 
when no vaccine was provided, to the actual number of indi-
viduals diagnosed with COVID-19 until August 26th, 2020, 
in Denmark. This ratio was denoted by 1

�
 and allowed us to 

estimate the number of people being diagnosed.
To estimate the number of tests, we used the propor-

tion of the total number of tests that were carried out as 
of 26th August 2020 relative to the cumulative number of 

Fig. 2  Differential equations associated to the SEIR model. SEIR sus-
ceptible, exposed, infectious, recovered
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persons diagnosed with COVID-19 as of this date, we call 
this �  . Then, this proportionality factor was multiplied 
by the estimated number of people being diagnosed in 
our model.

Table 2 summarises the different costs applied and pre-
sents the relation to the model states.

2.5  Productivity Loss

To estimate the costs of lost production because of infection 
with COVID-19, we used results from a telephone survey 
by Statens Serum Institut about the duration of the illness. 
The survey was conducted 27th February–31st March 2020, 
and included 265 persons who had been identified from a 
national database with laboratory-confirmed COVID-19 
incidences [26]. Furthermore, we used statistics on earn-
ings per hour and the employment and population size by 
age groups from Statistics Denmark [27–29], and statistics 
on the number of usual hours of work from Eurostat [30] 
(see Supplementary material for calculations of productiv-
ity loss).

2.6  Outcomes

In the model we used two different outcome measures, 
namely gained life-years (LY) and quality-adjusted life-years 
(QALY). The LY allowed us to determine the efficiency of 
the different alternatives in comparison with other public 
health interventions and vaccine programmes in Denmark. 
The QALY allowed us to determine the efficiency of the 
different alternatives in comparison with other healthcare 
interventions in general.

With both outcome measures, we found the cumulative 
effects over a 6-month period. We determined the total addi-
tional effects of the intervention, which was the life-years 
or quality-adjusted life-years gained, with vaccination com-
pared to the situation with no vaccination.

We estimated the number of lost life-years for individu-
als aged ≥60 years and those aged <60 years (see Table 3) 
by weighting the expected number of life-years for men 
and women in the age groups 20–59, 60–69, 70–79, 
80–89 and 90–99 retrieved from Statistics Denmark [31, 
32] with the relative occurrence of men and women in 
those age groups among the individuals infected with 

Table 2  Three specifications of the unit costs for hospitalisation (DKK)

Sources: [15, 24], and [25]
DKK Danish kroner, DRG diagnosis-related group

Specification 1 DRG code Unit cost (DKK) Model states

Hospitalisation outside intensive care unit,
patients 18 years old or older

18MA06 16,495 ∑2

i=1

�

I
H,3

i
− H

C

i

�

Hospitalisation in an intensive care unit
 Patients aged 18–59 years 04MA14 26,028 0.2HC

1

 Patients aged ≥60 years 04MA13 37,050 0.2HC

2

Hospitalisation in respirator 26MP11 255,171 0.8
∑2

i=1
H

C

i

Specification 2 DRG code Unit cost (DKK)
Hospitalisation outside intensive care unit, patients aged ≥18 years 18MA06 16,495 ∑2

i=1

�

I
H,3

i
− H

C

i

�

Hospitalisation in an intensive care unit
 Patients aged 18–59 years 04MA14 26,028 0.2HC

1

 Patients aged ≥60 years 04MA13 37,050 0.2HC

2

Hospitalisation in respirator 26MP09 479,862 0.8
∑2

i=1
H

C

i

Specification 3 DRG code Unit cost (DKK)
Hospitalisation outside intensive care unit, patients aged ≥18 years 18MA06 16,495 ∑2

i=1

�

I
H,3

i
− H

C

i

�

Hospitalisation in an intensive care unit
 Patients aged 18–59 years 04MA14 26,028 0.2HC

1

 Patients aged ≥60 years 04MA13 37,050 0.2HC

2

Hospitalisation in respirator 04MA13 37,050 0.8
∑2

i=1
H

C

i

Number of persons diagnosed with COVID-19 and corresponding follow-up 
costs

146.25 �E1

Tests 200 ��E1



981The Cost-Effectiveness of a COVID-19 Vaccine in a Danish Context

COVID-19 that according to SSI had died up to June 3rd, 
2020 [33].

To adjust the expected life-years for quality of life, we 
used the approach suggested by Briggs et  al. [34]. The 
approach suggests adjusting QALYs gained from interven-
tions against COVID-19 for pre-existing diseases that may 
influence quality of life and mortality. For the base case 
analysis, we assumed that infected individuals did not suf-
fer from any other morbidity that could affect their quality 
of life or mortality ratio. In sensitivity analyses we relaxed 
these assumptions. We also applied QALY as effective-
ness measure to capture the full value of a vaccination pro-
gramme, which also has an impact on the quality of life. 
The quality-of-life weights used to calculate QALYs were 
obtained from a Danish study that surveyed quality-of-life 
in the Danish population aged 20–79 years [35].

QALYs are presented undiscounted and discounted 
with a discount rate of 2% or 4% (Table 4), as the Min-
istry of Finance recommends a discount rate of 4% for 
projects with a time horizon up to 35 years and 2% for 
effects beyond 35 years [36].

2.7  Assumptions

Findings from controlled studies of vaccine efficacy demon-
strate approximately 95% efficacy, which is considered to be 

compatible to 100% efficacy against severe disease [37]. In 
the model simulation we therefore assume that the vaccina-
tion provides 100% effectiveness against COVID-19. In a 
sensitivity analysis, we also estimated the cost-effectiveness 
if the vaccine had lower efficacy (80%).

The epidemiological model is calibrated to the observa-
tions in the Spring of 2020 and not the Autumn of 2020, 
it therefore implicitly assumes that the human behaviour 
related to social distance, facemasks in public transportation, 
hygiene, cleaning as of Spring 2020 is maintained.

3  Results

3.1  General Results

The following sections show the results from the simulation 
model. Figure 3 shows the fourteen-days sliding average of 
the effective reproduction number, R

t
.

Table 4 shows the number of QALYs lost under the five 
alternatives and the number of QALYs gained from a vacci-
nation programme to various target groups. From this analy-
sis we see that vaccination programmes that included the 
elderly population aged ≥60 years increased the number of 
QALYs gained compared to programmes that only targeted 
those aged <60 years.

Table 5 shows the healthcare costs under the five alterna-
tives and with the three different specifications of the cost 
parameters for hospital in the model. It shows that healthcare 
costs were lower with a vaccination programme than without 
vaccination.

The healthcare costs are considerably lower when 
vaccinating the younger population than vaccinating 
the older population (Scenario 1 vs 2). This may seem 
counter-intuitive due to older infected people being more 
likely to need hospital treatment, but it is caused by the 

Table 3  Life-expectancy by age group

Estimated on the basis of data from Statistics Denmark [17, 18], and 
weighted by the age distribution of those who died [19]

Age group Life-expectancy, years

Undiscounted Discounted  
rate = 2%

Discounted  
rate = 4%

20–59 years 41.9 28.7 21.0
60+ years 8.9 8.0 7.3

Table 4  Estimated QALYs gained by the four vaccination scenarios

Q50 is the weighted median. It extends the standard median taking into account the varying agreement of the predicted and actual numbers of 
individuals hospitalised in Denmark between March 11th and August 26th, 2020. Q25 and Q75 are the corresponding weighted 25th and 75th 
percentiles
QALYs quality-adjusted life years
a Q25 and Q75 not included. Available upon request to the authors

Scenario Lost QALYs (years, undiscounted) QALYs (Q50)a

Q50 Q25–Q75 Discounted rate 0% Discounted rate 2% Discounted rate 4%

Status quo: (0%; 0%) 5410 3860–7540
1: (0%; 25%) 714 395–1260 4490 3910 3480
2: (25%; 0%) 3340 2570–4290 1780 1470 1270
3: (15%; 25%) 441 261–744 4850 4160 3670
4: (40%; 0) 2770 2140–3560 2330 1910 1640
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composition of the healthcare costs. The cost of hospitali-
sation only accounts for a smaller share of the healthcare 
costs (between 5 and 41% of the total healthcare costs in 
specification 1; slightly more in specification 2 and slightly 
less in specification 3). The largest part of healthcare costs 
is testing and follow-up, which depend on the number of 
overall infected people. This is lower when vaccinating the 
younger population, as in this case the number of unvac-
cinated people is distributed more evenly between the age 
groups, and infections are much more likely within a group 
than across the two age groups.

As healthcare costs comprise hospital costs, costs of test-
ing and follow up, it follows that these costs will reduce if 
more people are vaccinated (from 1.5 to 2.4 million).

Figure 4 presents the cost-effectiveness plane applying 
specification 1 for the hospital costs with undiscounted 
gained life-years.

In all cases, scenarios 2 (25%; 0%) and 4 (40%; 0%) 
are dominated by alternatives that include the elderly 
population in the target group when not including pro-
ductivity loss, whereas scenario 2 (25%; 0%) would be 
on the cost-effectiveness frontier (Fig. 4b), if productiv-
ity costs were included and the price of the vaccine was 
300 DKK.

Figure 4 shows the cost-effectiveness plane for the four 
vaccination programmes and the status quo alternative with-
out vaccination. In the figure, the costs of the vaccination 
were included with 300, 400 or 500 DKK per full vaccina-
tion. The upper panel is the cost-effectiveness plane without 
productivity loss, the lower panel with productivity loss. 
The colour of the points refers to the cost of the vaccination. 
For each vaccination cost specification, the frontier is rep-
resented by the linear connections between the alternatives 
with the lowest costs and the highest number of life-years 
gained. Points above the frontier are dominated by alterna-
tives on the frontier.

Figure 5 illustrates the incremental cost-effectiveness 
ratios (ICER) for the vaccination programmes not domi-
nated for the various total vaccination costs including 

Fig. 3  Fourteen-days sliding average of the effective reproduction number, R
t

Table 5  Healthcare costs by vaccination scenario including test and 
follow-up and hospital cost specification. 1000 DKK

DKK Danish kroner
a Q25 and Q75 not included. Available upon request to the authors

Scenario Specification

1 2a 3a

Q50 Q25–Q75 Q50 Q50

Status quo: (0%; 
0%)

572,000 435,600–818,000 515,500 572,000

1: (0%; 25%) 376,300 292,900–515,600 367,500 376,300
2: (25%; 0%) 281,600 241,500–327,800 246,800 281,600
3: (15%; 25%) 230,600 193,400–278,800 225,210 230,600
4: (40%; 0) 192,500 168,300–220,900 163,200 192,500
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Fig. 4  Cost-effectiveness plane for hospital cost specification 1 and 0% discounting of life-years gained without (a) and with (b) productivity 
loss
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administration in the range of 300 DKK to 500 DKK per 
full vaccination. The figure includes the gained QALYs 
undiscounted, the upper panel without productivity loss, 
the lower panel with productivity loss.

Especially for higher vaccination costs, the ICER is 
significantly lower for the scenario of vaccinating 25% of 
the population persons compared to the scenario of vac-
cinating 40% of the population.

Fig. 5  ICER for different cost of the vaccination and for gained QALY (undiscounted) without (a) and with (b) productivity loss. ICER incre-
mental cost-effectiveness ratio, QALY quality-adjusted life years
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3.2  Robustness Check and Sensitivity Analysis

Due to the uncertainty about the distribution of hospitalised 
patients on their diagnoses and DRG classification, we do a 
robustness check of our results using the costs as described 
in Table 6.

From Table 6 we conclude that the ICER for a gained 
life-year or QALY, given the intervention with a vaccination 
programme, is not sensitive to the costs of hospitalisation.

We have presented four scenarios assuming up to 40% of 
the population has been vaccinated. At the time of writing, 
the number and availability of vaccine doses are uncertain. 
For the sake of comparison, we have also examined a sce-
nario where 70% of the total Danish population is vacci-
nated. This scenario would imply that 45% of the total popu-
lation vaccinated are aged <60 years and 25% of the total 
vaccinated population is aged ≥60 years. The gain in life-
years would be 6140 (undiscounted) and the gain in QALYs 
would be 5170 (undiscounted), which should be compared 
with the numbers in Table 4.

If, on the other hand, this 70% scenario is compared to 
doing nothing, the ICER per QALY compared to status quo 
would be in the range from approximately 141–298 meas-
ured in 1000 DKK without productivity loss and approxi-
mately 94–251 with productivity loss, with the vaccination 
costs ranging from 300 to 500 DKK.

Our analysis did not adjust for comorbidity, and we 
therefore conducted a sensitivity analysis to evaluate the 
robustness of our results. We compared results including a 
standard mortality rate (SMR) increasing to 1.5 and 2 and 

a parameter to adjust for the specific impact of pre‐existing 
comorbidity on quality of life (qCM) ranging 100%, to 90% 
and 80%.

From Table 7 we conclude that incorporating co-mor-
bidity in the analysis increased the ICER caused by reduced 
QALYs.

Finally, we evaluated the consequences of the assump-
tion that the vaccine has 100% effectiveness against COVID-
19. A reduction in effectiveness from 100  to 80% implied 
a reduction in gained QALYs between 13 and 16%, an 
increase in total healthcare costs between 7 and 18%, and 
an increased productivity loss around 4–14% for scenarios 
1 and 3. This followed the line that the ICER on average 
increases if the vaccine is less effective.

Table 6  Incremental cost-effectiveness ratio for different cost specifications of hospitalisation in 1000 DKK

The intervals describe the ranges for the vaccination price including administration costs in the interval 300–500 DKK
DKK Danish kroner, QALY quality-adjusted life year, qCM comorbidity on quality of life, SMR standard mortality rate

Disc. rate Scenario Direct costs

Costs per life-year gained Costs per QALY gained (SMR=1, qCM=1)

Specification 1 Specification 2 Specification 3 Specification 1 Specification 2 Specification 3

(0%; 25%) 45–99 36–90 53–107 53–118 43–107 64–128
0% (15%; 25%) 274–688 262–676 283–698 319–803 306–789 331–814

(0%; 25%) 51–113 41–103 61–123 61–135 49–123 73–147
2% (15%; 25%) 397–997 379–979 410–1010 460–1156 440–1136 476–1172

(0%; 25%) 57–127 46–116 69–138 69–152 55–138 82–166
4% (15%; 25%) 548–1376 524–1352 567–1395 605–1521 579–1495 626–1542

Direct costs and productivity loss
(0%; 25%) 0–88 0–79 69–97 0–105 0–94 0–115

0% (15%; 25%) 60–474 52–462 69–483 72–553 62–539 82–564
(0%; 25%) 67–101 58–91 76–111 80–129 69–108 91–132

2% (15%; 25%) 86–686 69–669 100–700 100–796 80–776 116–812
(0%; 25%) 73–113 64–102 83–125 88–135 76–122 100–149

4% (15%; 25%) 119–948 95–924 138–967 132–1047 105–1021 153–1068

Table 7  Incremental cost-effectiveness ratio adjusting for comorbid-
ity undiscounted. Cost specification 1.1000 DKK

DKK Danish kroner, qCM comorbidity on quality of life, SMR stand-
ard mortality rate

Without productivity 
loss

With productivity loss

(0%, 25%) (15%, 25%) (0%, 25%) (15%, 25%)

SMR 1, qCM 1 
(no comorbid-
ity)

53–118 319–803 0–105 72–553

SMR 1.5, qCM 
0.9

72–159 397–997 0–142 98–686

SMR 2, qCM 0.8 94–208 460–1156 0–185 128–796



986 K. Debrabant et al.

4  Discussion

In this study we aimed to examine the cost-effectiveness of 
a vaccine against COVID-19, where we added an economic 
component to an epidemiological model. The results show 
that inclusion of the elderly population ≥60 years of age 
is more cost-effective than a vaccination strategy targeted 
a population aged <60 years only independently of using 
life-years or QALYs gained when productivity losses are 
not included; whereas vaccination targeted the population 
<60 years of age may be cost-effective when productivity 
losses are included, and vaccine prices are low. Further-
more, the results show that an extension of the target group 
from the elderly population only to also include younger 
populations comes with an increasing cost per life-year 
gained. This could be an indication of diminishing mar-
ginal product of the vaccination combined with increasing 
costs, which follows from the observation that mortality 
from COVID-19 is low for individuals below 60 years of 
age. These findings were independent of the specification 
of the cost of hospitalisation for treating COVID-19 infec-
tions and the price of the vaccine. However, the ICER 
depends on the price of the vaccine and the administration 
costs.

Our model presents the cost-effectiveness ratio for the dif-
ferent scenarios, which allows for comparison of these ratios 
in-between scenarios and to other vaccination programmes. 
In an alternative scenario we examined the cost-effectiveness 
of a vaccination strategy where 70% of the adult population 
is vaccinated. The results suggest that the costs per life-year 
or QALY gained are within the same range as those in the 
four scenarios we analysed initially.

An essential strength of this study is that we build on an 
epidemiological model for the Danish population. We added 
a component to include the possibility of vaccination and 
cost parameters and an effectiveness measure in terms of 
life-years gained.

However, the results should also be seen in light of a 
number of limitations. First, detailed information about 
the costs of hospitalisation for treatment of COVID-19 
infections is not available at the time of writing. Thus, the 
analysis is based on assumptions presenting different cost 
specifications.

In addition, we do not include costs outside the healthcare 
sector. It is well known that governments impose restrictions 
such as lockdowns, assembly bans and other measures to 
limit the spread of the virus that causes COVID-19. The costs 
of managing the epidemic are significant [38]. These costs 
affect the whole society and not only the individuals who are 
infected. Furthermore, there can also be production costs due 
to quarantine while individuals who suspect they are infected 
wait for a test.

Because costs outside the healthcare sector are not included, 
we regard the presented estimates of costs per gained life-year 
as an upper price of the life-years gained in a vaccination 
programme.

In a study of the economic value of a COVID-19 vaccine 
in the USA, Kohli et al. finds that a vaccination would be 
cost-saving in the high-risk group, and that ICERs are below 
US$50,000 per QALY gained in other risk groups assuming 
a single dose vaccine cost of US$35 (US$70 per course, i.e., 
two doses) [39]. This study differs from our study in several 
ways. First, they use a Markov cohort model, whereas we use 
a differential equation model. Second, the time horizon of 
their study is one year, whereas we use a time horizon of six 
months.

As mentioned in the introduction, several vaccines are 
included in the Danish immunisation programme. The 
cost-effectiveness of these vaccines has been examined in 
previous studies. The HPV vaccine has been shown to cost 
85,000–139,000 DKK per life-year gained (2007 values, 3% 
discount rate) [11], whereas an expansion of that programme 
to include boys has been found to cost 33,000 DKK per QALY 
gained (2019 values) without production costs [12].

In analyses of screening programmes against cancer, the 
ICERs of these programmes have been found to be in the range 
of 76,000–157,000 DKK per life-year gained (2008 values) [40].

In our analysis we find an ICER in the range of approxi-
mately 45,000 DKK–274,000 DKK with undiscounted life-
years and a cost of full vaccination at 300 DKK. For higher 
costs of vaccination or discounted life-years the cost-effective-
ness ratio will increase.

Compared to these estimates, our findings of the costs per 
life-year gained for a vaccination against COVID-19 for the 
elderly population are below or within the ranges of that for 
other preventive programmes in Denmark. For the popula-
tion below 60 years of age, the cost-effectiveness of a vaccine 
depends on the price of the vaccine, including the adminis-
tration costs, and whether productivity losses are included. 
Demonstration of the cost-effectiveness of the vaccine to this 
age group would require additional analyses including costs 
outside the healthcare sector. However, since our results sug-
gest a diminishing marginal product of vaccination, further 
research should look into the optimal distribution of the vac-
cine between the two population groups.

5  Conclusion

The cost-effectiveness of a COVID-19 vaccine is sensi-
tive to whether or not productivity losses are included 
in the analyses. Without productivity losses, the elderly 
population should always be part of the target group for 
a COVID-19 vaccination programme. At the same time 
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this secures the highest number of life-years gained given 
a limited availability of doses of the vaccine. Taking pro-
ductivity losses into account, at least in case of low vac-
cine prices vaccinating the younger population first, can 
actually be cost-effective.

Compared to other interventions, e.g., cancer screen-
ing programmes, COVID-19 vaccination of the elderly 
population is cost-effective for cost of vaccination. For 
the population group aged <60 years the cost-effectiveness 
compared to other programmes depends on the costs of the 
vaccination and the discount rate, and other costs related 
to COVID-19 not included in our model.
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