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A B S T R A C T

Background: Vaccination has the proven effectiveness in reducing disease burden. As the emergency program
is moving towards completion in many countries, there is a new urgency to appropriately assess the societal
health benefits in both the near and longer term.
Methods: Using an age-structured mathematical infection model, we evaluate the gains achievable by adopt-
ing the ongoing and the possible alternative vaccination strategies to reduce COVID-19 infections in the cur-
rent pandemic as well as during the future successive waves in Norway. We explicitly consider three
allocation strategies, with single focus group on either (i) the older age groups at high risk of dying or (ii) the
core-sociable groups at high risk of exposure and onwards transmission, versus strategies focusing on both
groups by (iii) switching among the high-risk to the core-sociable.
Findings: Following the Norwegian Institute of Public Health (FHI) schedule, we estimate that allocating vac-
cines in an age-descending order may reduce around one-third of the infections; while strategy considering
age-specific sociability may contribute to an additional »10% fewer infections.
Interpretation: A key insight of our study is that prioritizing the high-risk and core-sociable groups may maxi-
mize the benefit due to both direct and indirect protections, and thus achieving the larger societal health
benefits. Our analyses provides a quantitative tool to planning of future campaigns for Scandinavian and
other countries with comparable infection-fatality ratios, demographies and public health infrastructure.
Funding: Research Council of Norway and the Penn State University.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

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

Vaccination
Strategies
Effectiveness
Norway
pe.2021.100214.

seth@mn.uio.no

Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
1. Introduction

As mass vaccination campaigns commence worldwide, the
most pressing question is how to achieve the greatest societal
health benefits into the future. Most current policies towards
attaining the goal of reducing COVID-19 related mortality by vac-
cinating the high-risk groups [1]. While evidence have shown a
proven effectiveness of these policies in the early stage of vaccine
rollout [2�7], historical evidence from other infectious diseases
suggests that direct protective measures may lose primacy in the
intermediate and long term [8]. This motivates us to leverage the
mathematical tools to tailor vaccine prioritization in the real-
world setting.

The Norwegian Institute of Public Health (FHI) has scheduled the
country’s Covid-19 vaccination program, with the aim of vaccinating
all adults over the age of 18 by mid-July 2021 [9]. The program, as
broadly adopted across the world, prioritizes at-risk groups, allocat-
ing doses in descending order of age. Of note, the relatively low mor-
tality rate and thus the infection-fatality ratio in Norway [10] may
implicate alternative vaccination strategies. Here we, using an age-
structured mathematical infection model, assess the effectiveness of
the current strategy and its effectiveness relative to possible alterna-
tive strategies. We assess the effectiveness by focusing on the reduc-
tion in the number of infected people in the population, as this is a
key metric when considering the number of hospitalizations and
thus the health burden locally and for the country as a whole. Vac-
cine-induced reduction in virus circulation reduces health cost and
the ultimate burden of mortality.
2. Methods

2.1. Modelling SARS-CoV-2 dynamics and vaccine allocation strategies

Building on [11], we extend the age-structured multi-compart-
mental SEIR model (eqs [1]�[5]) to allow for projections of SARS-
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Research in context

Evidence before this study

We did a literature search in PubMed for studies assessing vac-
cine allocation strategies of SARS-CoV-2 in English until May
2021, using the following key search terms: “vaccine”, “alloca-
tion”, “roll-out”, “Europe”, “Norway” and “strategy”. Prelimi-
nary evidence supports that vaccination targeting at the high-
risk old people is the key to reducing the burden of mortality.
However, projecting vaccine allocation strategies in the near
and medium term, in particular in countries with low mortality
rate, has not been fully investigated.

Added value of this study

Our study evaluates the gains achievable by adopting the ongo-
ing and the possible alternative vaccination strategies to reduce
COVID-19 infections in the current pandemic as well as during
the future successive waves in Norway. A key insight of our
study is that prioritizing the high-risk and core-sociable groups
may maximize the benefit due to both direct and indirect pro-
tections, and thus achieving the larger societal health benefits.
Such timely finding points to the urgency to keep high-risk and
high-contact groups visiting vaccine-providing centers during
the campaign to best manage the future circulation.

Implications of all the available evidence

Evidence of this study offers new guidelines and a quantita-
tive tool for considering prioritization of vaccination for
Scandinavian and other countries with comparable demo-
graphies, public health infrastructure and infection-fatality
ratios.
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CoV-2 dynamics with diverse vaccination roll-out strategies. The
realistic nature of our age-structured model is represented by
observed mixing pattern among age groups and the empirically
documented age structure in the population. We include a mobility-
term to link the reduction of contacts to reduced mobility. Details of
the model and simulations are presented in the supplement. The
model captures how transmission happens from symptomatic (Is)
and asymptomatic (Ia) infections with a force of infection (λ) that
depends on age (i):

dSi
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¼ mi

X
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The force of infection on susceptibles in age-class i at time t is
λiðtÞ ¼ bðtÞP
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a
i Þ=Ni, where bðtÞ is the rate of seasonal
transmission and Cij is the normalized contact rate between age
group i and j. We consider an all-or-nothing vaccine which provides
perfect protection to a fraction, defined by vaccine efficacy, of the
vaccinated individuals. To appropriately model the fraction of indi-
viduals vaccinated during a campaign, we define the rate of vaccina-
tion (Qi) as �logð1� PiÞ=Di where Pi and Di is the vaccine coverage
and duration of vaccination in age group i, respectively; q is the vac-
cine efficacy (taken as 50%�90% in this analysis) [12]. We assume a
one-year immunity duration (1=v) [13,14], and the same rate of the
loss of immunity (v) for the recovered or vaccinated individuals. We
assume an average latent period (1=s) and infection period (1=g) as
3 and 5 days, respectively [15]. The age-dependent fraction of symp-
tomatic infections is characterized by r2 [15]. Details of model
parameters are provided in Table S1.

We initialize the analysis by assessing the effectiveness of the
ongoing vaccination program in 23 Norwegian cities covering the
range of demography. We assume that all cities follow the recom-
mended prioritization from the FHI conservative vaccination sched-
ule and vaccinate at the same rate. Thus, we translate the number of
doses to the group-specific coverage in each city. To quantitatively
assess the effectiveness of the current schedule, we consider an alter-
native strategy based on the sociability of various groups that would
allocate vaccines in a descending rank of average age-specific number
of daily contacts [16]. Across cities and strategies, we estimate the
reduction of infections and mortality by the end of and two months
after the campaign (i.e. mid-July and mid-September).

The model allows us to assess the effectiveness of different strate-
gies across various annual vaccination campaigns. We consider pro-
grams that generally prioritize the vaccination for the elderly (75+
yr) but subsequently implement three strategies for the rest of the
population: strategies with single focus groups on either (i) the older
age groups at high risk of dying (hereafter “the age-focused strategy”)
or (ii) the core-sociable groups at high risk of exposure and onwards
transmission (hereafter “the sociability-focused strategy”), versus
strategies focusing on both groups by (iii) switching among the high-
risk to the core-sociable (hereafter “the switched strategy”). For each
strategy, we evaluate the reduction of infections and mortality over a
year for 23 cities and Norway as whole.

2.2. Role of funding source

The funders have no role in study design, data collection, data
analysis, interpretation and writing of the report.

3. Results

3.1. Effectiveness of the FHI vaccination schedule

We first examine the effectiveness of the ongoing FHI vaccine roll-
out strategy in settings spanning the demographic diversity of Nor-
wegian cities by the end of the current campaign (Fig. 1A,
Supplementary Table S2). Across cities and efficacies, the FHI strat-
egy, allocating vaccines in the age-descending order, is predicted to
lead to a median of 27% (21%�41%) fewer infections as compared to
the absence of vaccination. Of the cities, Kristiansand, A

�
lesund and

Arendal would expect the greatest reduction of infections, achieving
gains of over 35%. Assuming the same number of doses as scheduled
by the FHI, we demonstrate that allocating the doses by the sociabil-
ity-descending strategy would be more effective than the scheduled
age-descending strategy because of lowered circulation and thus
enhanced indirect protection. Across cities we project a median of
35% (25%�47%) less infections by using the alternative strategy,
though the incremental gain is predicted to vary among the cities.
The variation of the effectiveness among cities may in part be due to
the difference in the strength of travel-restrictions and thus the



Fig. 1. Effectiveness of the ongoing FHI vaccination schedule in 2021. Across cities the effectiveness of the vaccination by the end of (A) mid-July and (B) mid-September are esti-
mated by the reduction of infections as compared with the baseline scenario without the vaccination. The effectiveness of age-descending strategy, designated by the FHI (yellow)
is compared with the alternative, sociability-descending strategy (green). Cities are arranged in the descending order of the proportion of the elderly (over 75+ yr). Vaccine efficacy
varies in 50%�90%. The median estimates and 95%CI are shown by colored bars and vertical lines, respectively.
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extent to which social contacts are modulated. Over two months after
the end of the campaign, we estimate a median of 23% (19%�31%)
and 29% (21%�40%) less infections by the FHI and the alternative
strategy, respectively (Fig. 1B). Further analysis shows that the socia-
bility-descending strategy may of the equivalent effectiveness with
the scheduled age-descending strategy in terms of averting the mor-
tality in the population (Fig. S1).

3.2. Benefits from the switched vaccination among the high-risk and
high-sociable groups

Given the likely transition towards endemicity [11,14], projec-
ting trajectories to intermediate term circulation under different
vaccination strategies is key to optimizing management. To high-
light this conceptual issue, we lay out a framework considering
annual vaccination campaign with prioritization to the elderly
(over 75+ yr) and differing strategies to the rest of the population
(Fig. 2).

Assuming a one-year immunity duration, a fully re-opened soci-
ety and an approx. 25% vaccine cover deficit (i.e. the proportion of
the under 20 yrs), we first project the reduction of infections over a
year for each city under scenarios with differing vaccine efficacies
(Fig. 3A, Supplementary Table S3). By distributing the vaccination to
core-sociable groups, either through the sociability-focused or
switched strategy, our model predictions suggest a slightly larger
reduction (»2%) in the overall infections. This, using Oslo as example,
is equivalent to up to 933 less infections than the age-focused strat-
egy, assuming an 80% efficacy. Of note, the effectiveness of vaccina-
tion is associated with the vaccine cover deficit. Assuming a low
(10%) deficit (Fig. 3B, Supplementary Table S3), we demonstrate a
higher effectiveness of the switched strategy across cities, leading to
a median of 25% (22%�30%) reduction of infections. If vaccinating
with single focused groups, however, we project that the gains would
be lowered by around 2%. For example, vaccination focus on single
groups would lead to up to 652 fewer infections than the switched
strategy in Oslo, assuming an efficacy of 80%. Across cities we docu-
ment a comparable reduction of mortality by using the switched and
age-focused strategies (Fig. S2).

Zooming out the city-level evaluation to Norway as a whole is
fundamental to guide policy options. Our scenario analysis shows
that the relative effectiveness among strategies is highly depen-
dent on the rate of vaccination and the extent that vaccination
can modulate the dynamics of SARS-CoV-2 which in turn related
to vaccine cover deficit (Fig. 4A,B). Assuming »25% deficit, vacci-
nating the high-risk older age groups is predicted to have the
smallest effect on slowing and reducing the infected fraction. By



Fig. 2. Vaccine roll-out strategy in annual campaign. The elderly (over 75 yr), the high-risk older age groups and the core-sociable groups are identified from the (A) demography
and the (B) marginal contacts over age groups. Across strategies (C-E) the elderly were fully vaccinate in the first period. Over the next 2 periods, strategies differ in the focused
groups of the rest population. (C) ‘the age-focused strategy’ prioritizes and fully vaccinates the high-risk older age groups, and then, depending on the vaccine supply, fully/partially
vaccinate the younger age classes. (D) ‘the sociability-focused strategy’ prioritizes and fully vaccinates the core-sociable groups in the second period, moving to all the unvaccinated
individuals using the rest of the doses. (E) ‘the switched strategy’ switches the prioritization from the high-risk to the core-sociable ones in the two consecutive periods, together
with the unvaccinated individuals in the last period. The coverage is dependent on the total vaccine supply.
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contrast, the sociability-focused or the switched strategy may
have stronger modulation on epidemic dynamics. If lowering the
deficit to 10%, vaccination focusing on both the high-risk and
core-sociable groups may have the greatest effect on the trans-
mission, leading to the greatest reduction in the burden of infec-
tion over a year-long campaign (Fig. 4C).

4. Discussion

Using an age-structured mathematical model, we have assessed
the societal health benefits of the ongoing vaccination program and
projected public health benefits to various roll-out strategies of
future campaigns. Following the FHI vaccination schedule, we esti-
mate that allocating vaccines in an age-descending order may reduce
around one-third of the infections. An alternative strategy of allocat-
ing vaccines according to age-specific sociability may contribute to
an additional »10% fewer infections, together with a comparable
reduction of mortality. As such vaccination targeting the high contact
groups may be more advantageous, in countries such as Norway with
relatively low mortality rate [10]. In settings with similar infection-
fatality ratios [17,18], our framework provides a quantitative tool for
considering prioritization of vaccination for Scandinavian and other
countries with comparable demographies and public health infra-
structure.

Our projections for future vaccination campaigns highlight that
prioritizing the high-risk and core-sociable groups may maximize the
benefit due to both direct and indirect protections, and thus achiev-
ing the larger societal health benefits. This finding points to the
urgency to keep high-risk and high-contact groups visiting vaccine-
providing centres during the campaign to best manage the future cir-
culation. To prevent transmission among these key groups, we pro-
posed that prioritizing the older age groups who are at high risk of
dying and switching to high transmitters in consecutive stages of the
campaign would be an appropriate approach. More importantly, we



Fig. 3. Effectiveness of the vaccination strategies in annual campaigns. Assuming (A) approximately 25% (equivalent to the fraction of the under 20 yrs) and (B) 10% vaccine cover
deficit, effectiveness of different roll-out strategies is estimated by the reduction of infections over a year as compared with the baseline scenario without the vaccination. The effec-
tiveness of age-focused strategy (yellow) is compared with the sociability-focused (green) and the switched (black) strategies. Cities are arranged in the descending order of the pro-
portion of the elderly (over 75 yr). Vaccine efficacy varies in 50%�90%. The median estimates and 95%CI are shown by colored bars and vertical lines, respectively.
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demonstrate that low vaccine deficit due to high willingness of the
public for the vaccination and high vaccine supply is essential.
Regardless of the demography, countries with low vaccine deficit
should consider a two-pronged plan of targeting the high-risk and
core-sociable groups.

Projecting our framework to other countries will need to tailor the
social mixing and infection profile in each context. First, we assume a
consistent social mixing patterns across cities. Specifying the mixing,
together with the demography, will better characterize the heteroge-
neities in disease dynamics and contextualize the effectiveness of
vaccination. Second, infectiousness and proportion of asymptomatic
infections may vary over time, and thus are crucial directions to
extend our study. Lastly, only the elderly over age 75 is considered in
the prioritized groups when applying the framework to highlight the
conceptual issue of relative effectiveness among strategies for future
vaccination campaigns. Relaxing such assumption is the key to



Fig. 4. Trajectories and effectiveness of the vaccination strategies in Norway. Assuming a 25% and 10% vaccine cover deficit, (A-B) trajectories of the infected fraction with 80% vac-
cine efficacy and (C) effectiveness in reducing infections over a year across efficacies by using the age-focused (yellow), the sociability-focused (green) and the switched (black)
strategies is projected for Norway as whole.
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refining and translating our findings from broader range of perspec-
tives such as economics.
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