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Projecting the impact of Covid‑19 
variants and vaccination strategies 
in disease transmission using 
a multilayer network model 
in Costa Rica
Yury E. García1,2,6*, Gustavo Mery3,6, Paola Vásquez2,6, Juan G. Calvo4,6, Luis A. Barboza4,6, 
Tania Rivas5,6 & Fabio Sanchez4,6

For countries starting to receive steady supplies of vaccines against SARS-CoV-2, the course of Covid-
19 for the following months will be determined by the emergence of new variants and successful 
roll-out of vaccination campaigns. To anticipate this scenario, we used a multilayer network model 
developed to forecast the transmission dynamics of Covid-19 in Costa Rica, and to estimate the impact 
of the introduction of the Delta variant in the country, under two plausible vaccination scenarios, one 
sustaining Costa Rica’s July 2021 vaccination pace of 30,000 doses per day and with high acceptance 
from the population and another with declining vaccination pace to 13,000 doses per day and with 
lower acceptance. Results suggest that the introduction and gradual dominance of the Delta variant 
would increase Covid-19 hospitalizations and ICU admissions by 35% and 33.25% , respectively, from 
August 2021 to December 2021, depending on vaccine administration and acceptance. In the presence 
of the Delta variant, new Covid-19 hospitalizations and ICU admissions are estimated to increase 
around 24.26% and 27.19% , respectively, in the same period if the vaccination pace drops. Our results 
can help decision-makers better prepare for the Covid-19 pandemic in the months to come.

In the fight against the Covid-19 pandemic, the remarkable time frame at which scientists achieved to develop 
safe and effective vaccines1,2 has provided a crucial tool in the global effort to reduce the widespread health, 
economic, and social disruption caused by the emergence of the severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2). As of July 2021, just 18 months after the genetic sequencing of SARS-CoV-23, a total of 21 
vaccines have been granted emergency use authorization by countries around the world4, while 108 vaccine 
candidates are at different phases of clinical development5.

Despite these extraordinary achievements, worldwide vaccination programs are facing challenges, such as 
supply shortages6, mainly in low-to-middle-income countries (LMIC)7, and low acceptance rates, mostly in their 
high-income counterparts8,9.

Furthermore, the world is facing the ominous threats of rapidly appearing SARS-CoV-2 variants10–12. Several 
variants of concern have already increased the transmissibility of the virus13 and the severity of cases among 
younger population groups14,15. Moreover, these variants have shown evidence of reduced effectiveness of cur-
rent vaccines, at least in lowering disease transmission16,17. We have already started to hear calls for third doses 
to fight more aggressive variants18, which are more likely to appear if vaccine supplies remain scarce in large 
parts of the world.

In light of this, unless worldwide vaccine distribution becomes more homogeneous, the current vaccine short-
ages in large parts of the world will perpetuate SARS-CoV-2 circulation, which ensures the relentless appearance 
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of new variants19. Something similar is expected in countries where, despite having enough vaccines, large 
pockets of the population remain unvaccinated due in part to misinformation and ineffective health promotion 
and communication strategies20,21.

Under this context, the development of new models is providing health authorities and decision-makers 
around the world an evidence-based tool to inform, guide, update and adapt public health interventions to 
their unique circumstances and available resources. These models can be used as a tool to forecast potential 
transmission scenarios and the associated healthcare demand under different vaccination scenarios22–29 and 
circulating variants30,31.

In line with these efforts, the current study was developed by implementing a tailored multilayer network 
model for Covid-19 in Costa Rica. The objective of the analysis was to project and assess the impact of the intro-
duction of the more transmissible B.1.617.2 (Delta) variant in the country. We compared the effects of two dif-
ferent vaccine administration scenarios on the number of SARS-CoV-2 infections, deaths, and Covid-19 related 
hospital admissions from August 2021 to December 2021. We were also able to estimate the direct base cost of 
providing hospital care. Since vaccination pace depends on the availability of the vaccine and the acceptance 
by the population, vaccination scenarios in the model considered both the speed of vaccine administration and 
percentages of vaccine hesitancy from the population.

This study considered the information available by July 31, 2021. As of that date, Costa Rica had only admin-
istered the Pfizer-BioNTech (BNT162B2) and AstraZeneca (ChAdOx1-s) vaccines. The vaccination program in 
the country began on December 24, 2020. For its distribution, health authorities notified a vaccination strategy 
which divided the population into five groups taking into consideration the age of the population, work-related 
risk of exposure and preexisting medical conditions. These groups and their opportunity to receive the jabs have 
been adjusted and revised frequently by the National Vaccination Committee as new evidence and the supply 
of vaccines became accessible32. By May 18, 2021, the majority of the vaccinated population had received the 
21-days interval scheme with BNT162B2, as the first ChAdOx1-s vaccines entered the country during the second 
week of April. After evidence of increasing the intervals between doses arose33 the government announced a 
12-week interval between doses for both the BNT162B2 and ChAd0x1-s vaccines for people under 57 years of 
age. Thus, we considered that all vaccinated individuals received their second dose 12 weeks after the first dose 
as of May 18, 2021. By July 20 2021, the country had increased its vaccination capacity and it was inoculating 
at a rate of 30,000 doses per day, reaching 38.4% of the total population covered with one dose and 16.1% fully 
vaccinated by that same date. However, several cantons in the national territory were showing lower vaccination 
acceptance, and vaccine hesitation appear higher among younger and healthier individuals, which threatens to 
mirror declines in vaccination rates observed in several other countries.

On the other hand, by July the country was facing the imminent arrival of the most transmissible Delta vari-
ant. Earlier in 2021, the country saw its worse Covid-19 crisis between May and early June, period that coincides 
with the introduction of the Alpha and even more dominant Gamma variants. Cases by late June and early July 
were rapidly dropping at last, as Covid-19-related hospitalizations and deaths were too. But countries around 
the world were facing rapid resurgences in cases and hospital admission due to the newest Delta variant34. It was 
uncertain how the introduction of this more aggressive pathogen will affect the pandemic in the country by the 
end of 2021, when vaccination coverage was expected to reach numbers which were once thought to provide 
herd immunity.

Methods
Data.  Publicly available information of Covid-19 regarding daily reported cases, hospitalization, and ICU 
admissions was obtained from the official website of the Ministry of Health of Costa Rica32. We used demo-
graphic data of the 5,163,038 inhabitants of the country to establish the contact network. This data included 
population by age, canton of residence, and workplace, as reported by the National Institute of Statistics and 
Census (INEC)35. All the methods were performed in accordance with relevant guidelines and regulations.

For the initial conditions of the model, we incorporated the number of confirmed Covid-19 cases from March 
6, 2020 (day the first case was reported in the country32), to June 28, 2021, including the age and canton of resi-
dence of the patients as notified by the health authorities. During this period, the cumulative number of detected 
cases ascended to 403,511 with a case fatality rate of 1.3%32. Parameters related to hospitalization that involve 
duration of stay, percentage of hospital admissions by age group, and hospitalization costs were provided by the 
Social Security Fund of Costa Rica (CCSS), public entity in charge of both general and specialized medical care 
for the Costa Rican population. According to data from CCSS, the estimated base cost of hospital bed per day, 
(which doesn’t include diagnosis procedures or treatment) is approximately 707,540 colons (1,137 USD) in the 
medical ward and 902,641 colons (1,450 USD) in an ICU36. It is worth stressing that hospital charges in reality 
are substantially higher for Covid-19 patients when all procedures, specialist care and exams are considered, 
and that cost varies with length of stay.

We also used the weekly number of administered Covid-19 vaccines as reported by CCSS from December 
24, 2020 to July 28, 202137. According to health authorities, the target population to be vaccinated in Costa Rica 
is 4,274,344, a 83% of the total population which includes all residents that are 12 years and older. During this 
period, 55% of the target population had received the first dose, while 19% received the second dose.

As for the percentage of vaccine hesitance, we took into account the available information of administrated 
vaccines by age group as of July 2021 in Costa Rica, as well as information reported from previous studies, where 
a median of vaccine acceptance of 78% has been observed in LMICs38.

Model.  We extended a multilayer, temporal and stochastic network model first developed to simulate the 
spread of the SARS-CoV-2 in Costa Rica. A complete description and implementation is presented in39. The sce-



3

Vol.:(0123456789)

Scientific Reports |         (2022) 12:2279  | https://doi.org/10.1038/s41598-022-06236-1

www.nature.com/scientificreports/

narios were constructed to include different vaccine administration speeds, the introduction of the Delta variant, 
and population resistance to available Covid-19 vaccines in the country.

The multilayer structure of the model incorporates three layers representing people living in the same house, 
friends or coworkers, and sporadic contacts. The probability of transmission in each layer is different, and while 
the contacts of the household layer remain fixed, the other two layers have variations according to public health 
measures and changes in social behaviour. The model contemplates ten mutually exclusive compartments: suscep-
tible, latent, diagnosed (infectious) and undiagnosed (infectious), hospitalized, individuals admitted to intensive 
care, recovered, successfully vaccinated with one dose, fully vaccinated, and Covid-19 deceased individuals.

To include the difference in disease severity among age groups40, vaccination strategies implemented by the 
Costa Rican health officials, and vaccine hesitance, the model is divided into three age classes: children (0-18 
years), adults (19-64 years), and elderly people (+65 years). Assumptions related to disease progression and 
transmission characteristics remain the same as the original model39. However, new hypotheses were introduced 
to forecast the effects of the different vaccination scenarios.

Individuals to be vaccinated are randomly chosen from the susceptible and recovered compartments. From 
December 24, 2020, to April 22, 2021, the model incorporated the condition that all recovered individuals would 
be vaccinated 90 days after their recovery. However, starting from April 23, 2021, this assumption was changed, 
after health authorities announced that individuals who have already been infected could be vaccinated regard-
less of the time since their recovery32.

Given the available evidence, the model takes into account vaccine effectiveness for the Pfizer-BioNTech 
and AstraZeneca vaccines. Studies have shown that after the first dose with either of these two vaccines (pre-
introduction of the Delta variant), protection against symptomatic illness ranges from 55%-70% , while vaccine 
effectiveness against hospitalization has been reported to be 75%-85%41,42. Given these levels of protection, 
our model does not differentiate between administered vaccines. As for vaccine effectiveness against the Delta 
variant, we assumed a reduction in protection against symptomatic disease after both first and second dose as 
reported in16,42.

Simulations were performed in Matlab R2020a 43. We used two remote servers: (i) a Dell PowerEdge R740 
with 64GB of RAM and two Intel®Xeon®Silver 4114 CPU @ 2.20GHz processors, and (ii) a Lenovo SR650, with 
two Intel Xeon Plata 4214, 2.20 GHz processors with 128GB of RAM.

Scenarios.  We developed two scenarios considering the maximum and minimum average of daily first doses 
during the initial seven months of the vaccination campaign in Costa Rica. The first vaccine scenario contem-
plates an accelerated vaccination rate with 30,000 daily doses and a high percentage of acceptance by the popula-
tion, 85% for those aged between 19 and 64 and 95% for people older than 65. The second scenario consists of 
having a decelerated vaccination rate with 13,000 daily doses and a low acceptance by individuals to receive the 
vaccine, 70% for those aged between 19 and 64 and 90% for people over 65 years old.

Vaccine administration speed is implemented in two contexts: when circulating variants up to the first half 
of 2021 continue to dominate for the remainder of the year, and when the Delta variant is detected and gradu-
ally becomes dominant.

For the case where the Delta variant is detected during mid-July and becomes dominant two months after, 
we assumed a vaccine efficacy against symptomatic infections to be 55% at the end of August and 45% from mid-
October for those with a single dose. It is important to note, that these percentages consider that other variants 
will continue to circulate; therefore, we did not decrease vaccine protection against symptomatic illness for the 
Delta variant to the 30%-35% reported in literature16,42. For those fully vaccinated, these percentages are 82% at 
the end of August and 72% from mid-October onward. No changes are made in the percentages of hospitaliza-
tion. Recent studies showed that two doses of Pfizer-BioNTech (BNT162B2) or AstraZeneca (ChAdOx1-s) 
have similar effectiveness in preventing hospitalizations for the Delta coronavirus variant as they are against the 
previously dominant variants16,42.

Vaccines are also administrated according to the age of the population, starting with people over 65 years 
old, then people between 19 and 64, and finally between 12 and 18. Initially, 85% of the total doses were given 
to people over 65 years old and 15% to people aged 19 to 64 years. When the target percentage of people in each 
age group is reached, 100% of the vaccines are administrated in the next available age group. All simulations 
assumed an efficacy against symptomatic infection of 63% after the first dose and 90% after the second one. These 
percentages change over time in the scenarios considering the introduction of the Delta variant.

Values reported in the literature suggest protection against hospitalization ranging between 75% and 99% 
for those with one or two doses 17,41,50,51. Therefore, to simulate the increase in the protection conferred by the 
second dose, we increased protection against hospitalization in the model as the fully vaccinated target popula-
tion increases. We assumed 80% protection against hospitalization for people vaccinated with one or two doses 
until 40% of the target population is fully vaccinated, 85% of hospital protection until 60% of the population has 
a complete scheme, and 90% protection when more than 60% of the target population completes two doses. The 
percentages remain within the values reported in the literature.

As vaccination rates increase, we assumed that people begin to feel safe, decreasing the percentage of people 
adhering to non-pharmaceutical interventions (NPI).

We incorporated two parameters in the model to simulate individuals following social distancing measures 
and those who implement individual protective measures such as using a mask and washing hands: % of human 
mobility and % of individuals following NPI. We sampled the values from a uniform distribution for each simu-
lation. The initial values for human mobility % range from 60% to 70% . Those limits were changed on July 12, 
when schools opened. The initial values for the % of individuals following NPI range from 65% to 80% . Values 
for both parameters are modified when 60% of the target population is fully vaccinated. The flexibility of sanitary 
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measures, pandemic fatigue, and the feeling of security are emulated through these parameters. All scenarios are 
simulated until December 31, 2021. Parameter values and a summary of the assumptions are presented in Table 1.

Results are presented by taking two approaches. First, we compared variation in cases, deaths, and hospitaliza-
tions when the vaccination assumptions changed and the variants in circulation are the same by the rest of the 
year (scenario 1 and 2 in Table 1, with Delta and current dominant variants). Then, we compared the impact of 
the introduction of the Delta variant with different vaccine coverage compared to the trends without the Delta 
variant. We also estimated the average base costs of the hospital stay in each scenario.

Results
The results correspond to the average of 50 simulations with a 95% confidence interval (CI). The outcome of our 
simulations is illustrated in Fig. 1 and all results are summarised in Table 2.

Table 1.   Summary of scenarios. ∗Personal protection measures such as mask use, washing hands and keeping 
social distance.

Parameter Scenario 1 Scenario 2

Daily doses from August 2, 2021 13,000 30,000

% individuals over 65 that are not vaccinated 10 5

% individuals from 19 to 64 that are not vaccinated 30 15

% human mobility
From July 12, 2021, a random value is chosen between 55% and 70%.

Then, when 60% of the target population is fully vaccinated the value is chosen from 40% to 55%.

% individuals following NPI∗ A random value is chosen between 50% and 70% when 60% of the target population is fully vaccinated.

Parameter Before delta Delta variant

% protection against symptomatic infection, first dose 63
55 after August 30, 2021

45 after October 15, 2021

% protection against symptomatic infection, second dose 90
82 after August 30, 2021

72 after October 15, 2021

Table 2.   Summary of results. The values and percentages correspond to the results of two vaccine strategies 
with and without introducing the Delta variant in Costa Rica, a country with five million inhabitants. Hospital 
expenses are calculated based on a stay of 10 days in the medical ward and eight days in the ICU with an 
average cost per day of 707,540 colones (about 1,137 USD) in the medical ward and 902,641 colones (about 
1,450 USD) in the ICU.

Description

Current variants Delta variant
Increase with the introduction of 
Delta

Vaccine strategy 
1 
13,000 doses 
per day
(95% CI)

Vaccine strategy 
2 
30,000 doses 
per day
(95% CI)

Increase when 
vaccination rate 
is reduced

Vaccine strategy 
1 
13,000 doses 
per day
(95% CI)

Vaccine strategy 
2 
30,000 doses 
per day
(95% CI)

Increase when 
vaccination rate 
is reduced

Vaccine Strategy 
1

Vaccine Strategy 
2

Total positive 
cases by Dec 31, 
2021

572,955
(541337, 601308)

539,484
(511916, 569817) 6.20% 615,574

(589813, 640475)
576,657
(550154, 599234) 6.75% 7.43% 6.89%

New hospitaliza-
tions from Aug 2 
to Dec 31, 2021

11,306
(11318, 14189)

8,982
(6815, 11393) 25.87% 15,071

(11756, 18532)
12,287
(9586, 15092) 22.66% 33.30% 36.79%

New ICU admis-
sions from Aug 2 
to Dec 31, 2021

3,781
(2542, 5092)

2,947
(1925, 4139) 28.30% 4,994

(3 495, 6 593)
3,961
(2691, 5336) 26.08% 32.08% 34.41%

Total Deaths by 
Dec 31, 2021

7,095
(6 604,7 566)

6,572
(6273, 6936) 7.9% 7,762

(7299, 8162)
7,183
(6847, 7567) 8.06% 9.4% 9.3%

Average hospital 
charge in ward (10 
days average stay)

128,549,220 USD 102,125,340 USD 26,423,880 USD 171,357,270 USD 139,703,190 USD 31,654,080 USD 42,808,050 USD 37,577,850 USD

Average hospital 
charge in ICU 
(8-days average 
stay)

43,859,600 USD 34,185,200 USD 9,674,400 USD 57,930,400 USD 45,947,600 USD 11,982,800 USD 14,070,800 USD 11,762,400 USD

Percentage of 
target people with 
at least one dose

73.33%
(73.21, 73.45)

84.50%
(84.35, 84.65)

72.89%
(72.74, 73.02)

84.50%
(84.37, 84.66)

Percentage of 
target people fully 
vaccinated

66.71%
(65.92, 67.53)

76.78%
(75.69, 77.80)

65.67%
(64.8, 66.57)

75.04%
(74.02, 76.26)
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Among many others, low vaccine coverage translates into an economic impact for the hospital care system. 
According to data from the CCSS, in the country, Covid-19 patients are hospitalized from one to fifteen days in 
the medical ward and five to ten days in the ICU. This length of stay varies by age group. Considering the base 
cost of hospitalizations in CCSS and an average stay of 10 days in the ward, the cost of a Covid-19 patient for the 
public health system of Costa Rica would be around 11,370 USD.

Figure 1.   Scenarios without and with Delta Variant. Figures show the scenarios implemented for Costa 
Rica with 5 million inhabitants, considering two vaccination strategies with and without the presence of the 
Delta variant. Left panels correspond to the scenario without the introduction of Delta, and the right panels 
correspond to the results with the Delta variant. From top to bottom, cumulative Covid-19 confirmed cases, 
daily Covid-19 hospitalizations, and ICU Covid-19 occupancy. Projections are for the period from August 2 to 
December 31, 2021.
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Likewise, if patients are admitted to intensive care units for eight days on average, a patient would cost 11,600 
USD, both without considering exams or procedures. We present the aggregated cost for basic hospital care 
taking these values into account.

Scenario 1 and 2 considering the current variants as dominant for the rest of the year.  A 
daily reduction in the administration of vaccines from 30,000 to 13,000 doses could lead to an increase in the 
cumulative confirmed cases by 6.20% and total deaths by 7.9% at the end of the year. Hospitalizations and ICU 
admissions from August 2 to December 31, 2021, could increase by 25.87% and 28.30% respectively ( from an 
average of 8,982 to an average of 11,306 for patients from the Covid-19 room and from 2,947 to 3,781 for ICU 
admissions). Low vaccine coverage may increase the country’s hospital stay costs by 26,423,880 USD in the ward 
and 9,674,400 USD in ICU from August 2 to December 31, 2021.

Scenario 1 and 2 considering that Delta variant gradually becomes dominant over time.  When 
we consider the circulation of the Delta variant and a reduction in daily vaccine administration, cumulative con-
firmed cases and cumulative deaths could increase by 6.75% and 8.06% , respectively, for December 31, 2021. 
From August 2, 2021, to December 31, 2021, the new hospitalizations and ICUs admissions could rise by 22.66% 
and 26.08% (from 3,961 to 4,994 hospitalizations and from 7,762 to 7,183 ICU admissions), which in terms of 
hospital stay expenses correspond to an average increase of 31,654,080 USD in the ward and 11,982,800 USD 
in ICU.

Impact of the introduction of the Delta variant with different vaccine administration.  We 
compared the trends with low acceptance and administration of the vaccine doses with and without the circula-
tion of the Delta variant. We projected that the introduction of the new variant might increase the cumulative 
confirmed cases by 7.43% and the total deaths by 9.04% by the end of the year (from 572,955 to 615,574 cases 
and 7,095 to 7,762 deaths). From August 2 to December 21, 2021, the cumulative hospitalizations and ICU 
admissions are projected to increase by 33.30% and 32.08% , respectively, representing a cost increment in ward 
hospitalizations of 42,808,050 USD and 14,070,800 USD in ICU based on a medical ward and ICU costs.

The same analysis in the scenario of high acceptance and vaccine administration leads to an increment of 
6.89% in cumulative confirmed cases, 9.3% in cumulative deaths, 36.79% in new hospitalizations (from 8,982 to 
12,287), and 34.41% in ICU admissions (from 2,947 to 3,961) representing an average increase in room and ICU 
stays of 37,577,850 USD and 11,762,400 USD, respectively.

The four scenarios showed an increase in hospital care demand by the end of June. This increment is regard-
less the introduction of Delta variant, as parameters that simulate its introduction are unchanged until the end 
of August. The increase in hospitalizations and ICU admissions reach a plateau that decreases slowly with the 
progressive dominance of the Delta variant.

Our model projected that while maintaining a 12 week-interval between doses, a vaccine rollout of 30,000 
doses per day and high vaccine acceptance by the Costa Rica population, around 84.5% of the target population 
would be vaccinated with at least one dose by mid-September, and approximately 75% would be fully vaccinated 
by the end of the year. On the other hand, for a daily average vaccination of 13,000 doses per day with low accept-
ance of the vaccine, approximately 73.33% of the target population would be vaccinated by mid-September, and 
66.71% would be fully vaccinated by the end of the year.

Discussion
With the emergence of SARS-CoV-2 variants influencing the transmissibility of the virus11,44, severity of the 
disease in younger population groups and the performance of available vaccines16, assessing probable future 
transmission scenarios and its resulting impact on health-care systems is at the forefront of health authori-
ties and decision-makers around the world. By implementing a multilayer network model that simulates the 
introduction of the Delta variant in Costa Rica under two different scenarios of vaccine administration speed 
and population hesitance, we pursue to advocate in these efforts and generate evidence that may prove useful to 
inform interventions and preparations for public health authorities.

By taking into account vaccination rates from December, 2020 to July, 2021 in Costa Rica, as well as levels 
of vaccine acceptance, our results suggest that reducing the daily application of first doses by an average of 57% 
during a 5 month time-frame, Covid-19 related hospitalizations would experience an increase of 25.85% and 
22.66% , in the scenarios of pre-Delta and Delta circulation, which translates in a 7.9% and 6.75% increase in 
mortality by the end of the study period. These results go in hand with previous studies that evidence the reduc-
tion in hospitalization and mortality with high efficacy mass vaccination campaigns28,45–47.

Regarding the introduction of the Delta variant, we predicted that its entrance and gradual dominance in 
Costa Rica may increase cumulative hospitalizations by 36.79% and 33.30% , and deaths by 9.3% and 9.04% , in 
both the high and low vaccination scenarios. Although these figures are significant, they may contrast with 
some of the most abrupt increases seen in other jurisdictions, such as Israel or the UK, which may have several 
explanations48,49. First, we assumed an introduction of the Delta on July 2021, thus, in our scenarios, Delta would 
not become relevant before August. In all four scenarios, Covid-19 hospitalizations and ICU admissions were 
projected to increase by the end of June 2021, regardless of the presence of Delta. This assumption is relevant 
because the magnitude of the projected outbreak depends not only in changes of transmissible and immune 
evasion of the virus, but also on the date of introduction of the variant, changes in social behavior, and vaccina-
tion coverage achieved at the time Delta becomes the dominants strain. Therefore, in the context of “delayed” 
Delta introduction and high vaccination coverage, even in the low vaccination rate scenario, our assumptions 
may have led to an optimistic result.
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All scenarios maintained current levels of NPI, including personal protection measures, mobility, and social 
gathering restrictions, which were only relaxed when 60% of the population had a complete vaccination scheme, 
assuming changes in social behaviour and policy due to high levels of confidence. In a context where increasing 
signs of pandemic fatigue among the population52 are arising, maintaining these levels of compliance represents 
a challenge for public health authorities in the path for health, social and, economic recovery. Several of the sharp 
increases in cases seen in countries with high vaccination rates following the introduction of the Delta variant 
are in the context of NPI being relaxed 48.

Costa Rica is characterized for its near to universal health care coverage and relatively high historic invest-
ment in health promotion and prevention campaigns53,54. These fundamental factors have provided a relative 
protection against Covid-19 throughout the pandemic, flattening epidemiological curves and mitigating the 
effects of the pandemic in the country.

The impact of a new variant can change geographically. Some previous variants of interest have made dramatic 
appearances in early locations and diminishing its impact in other jurisdictions where they reach dominance 
at a slower pace competing for dominance with other variants. This was for example the case of the Gamma 
variant outside South America.

Results from the model also allowed us to estimate the increase in hospital care costs in each scenario, taking 
into account the base cost for hospital and ICU beds as reported by CCSS36. A slower vaccine administration pace 
translated into a total increase of 43,636,880 USD in base hospital care for the public health care system in the 
presence of the Delta variant. As the cost of diagnostics, specialized care and other procedures are not consid-
ered, the increase in costs for the social security in Costa Rica is expected to be substantially higher. Moreover, 
although a minority, several of these patients are managed in private hospitals, where the cost of base care is 
substantially higher. Additionally, if we take into account Costa Rica’s near universal health care system, health 
care cost for the CCSS is expected to be substantially lower compared to other countries with more fragmented, 
unequal and limited health care coverage. It is worth noting that financing for the universal public health care 
system in Costa Rica comes from three sources: employers, workers, and the State, being the monthly social 
security contributions from its residents the main source of income. According to data from CCSS, income from 
social contributions from January 2020 to October 2020 decreased by 274,497,894 USD55, due to loss of jobs and 
income from the population, making our results even more relevant to consider for the allocation of resources 
within an already constrained system.

There are limitations to using these mathematical and statistical tools that mostly lie in the model assump-
tions. For example, in this study, vaccines are applied randomly to susceptible and recovered individuals, regard-
less of their geographic location. Moreover, it is likely that the uptake of the vaccine is regionally correlated56, 
leading to foci of high susceptibility in the population, which could act as small-scale outbreak sites reducing 
the effect of the immunity of the population57. Furthermore, the absorption of the vaccine may vary over time 
and geographically as the perception of risk changes58. On the other hand, this assumption ignores that pre-
symptomatic or asymptomatic people can receive the vaccine without knowing that they are carriers of the virus. 
Another relevant assumptions is related to the period that is needed to reach immunity after vaccination. This 
value is included only implicitly in the model, through the reduction of the percentages of protection against 
hospitalization. Studies report that protection after first dose begin approximately 12 days after first dose59 and 
that it takes an estimated 14 days to reach maximum level of protection after second dose60,61. This period could 
become relevant when a high percentage of people is immunized and slightly shift our curves to the right.

The use of network models to forecast the effects of different vaccine strategies is a valuable tool for decision-
makers. Within a global scenario of considerable disparities in access to Covid-19 vaccines 62, middle-income 
countries, such as Costa Rica, are starting to see significant increases in the supply of vaccines, now that world-
wide production has strengthened and the wealthiest nations have secured their supplies. However, we are 
now facing some of the same threats of vaccine hesitation among younger and healthier population groups. 
Furthermore, several countries have started to provide booster shots, which may slow down vaccine supplies 
worldwide again. Our results provide evidence of the impact that implementing successful vaccination campaigns 
may have on morbidity and mortality at the population level. We also provide initial evidence of the potential 
cost-effectiveness of such interventions, although further economic research is needed.

Codes
All the codes and files necessary to reproduce the results presented in this document are available in the GitHub 
repository, https://​github.​com/​EpiMEC/​Netwo​rkMod​el_​Vacci​natio​nScen​arios

Received: 2 September 2021; Accepted: 17 January 2022

References
	 1.	 Kim, Y. C., Dema, B. & Reyes-Sandoval, A. Covid-19 vaccines: breaking record times to first-in-human trials. NPJ Vaccines 5, 1–3. 

https://​doi.​org/​10.​1038/​s41541-​020-​0188-3 (2020).
	 2.	 Li, Y. et al. A comprehensive review of the global efforts on COVID-19 vaccine development. ACS Cent. Sci. 7, 512–533. https://​

doi.​org/​10.​1021/​acsce​ntsci.​1c001​20 (2021).
	 3.	 Wang, H. et al. The genetic sequence, origin, and diagnosis of SARS-CoV-2. Europ. J. Clin. Microbiol. Infect. Dis. 39, 1629–1635. 

https://​doi.​org/​10.​1007/​s10096-​020-​03899-4 (2020).
	 4.	 Basta, N. & Moodie, E. COVID-19 vaccine development and approvals tracker. https://​covid​19.​track​vacci​nes.​org/​vacci​nes/​appro​

ved/#​vacci​ne-​list (2021).
	 5.	 WHO. COVID-19 vaccine tracker and landscape. https://​www.​who.​int/​publi​catio​ns/m/​item/​draft-​lands​cape-​of-​covid-​19-​candi​

date-​vacci​nes (2021).

https://github.com/EpiMEC/NetworkModel_VaccinationScenarios
https://doi.org/10.1038/s41541-020-0188-3
https://doi.org/10.1021/acscentsci.1c00120
https://doi.org/10.1021/acscentsci.1c00120
https://doi.org/10.1007/s10096-020-03899-4
https://covid19.trackvaccines.org/vaccines/approved/#vaccine-list
https://covid19.trackvaccines.org/vaccines/approved/#vaccine-list
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines
https://www.who.int/publications/m/item/draft-landscape-of-covid-19-candidate-vaccines


8

Vol:.(1234567890)

Scientific Reports |         (2022) 12:2279  | https://doi.org/10.1038/s41598-022-06236-1

www.nature.com/scientificreports/

	 6.	 Wouters, O. J. et al. Challenges in ensuring global access to COVID-19 vaccines: production, affordability, allocation, and deploy-
ment. Lancet 397, 10278–1034. https://​doi.​org/​10.​1016/​S0140-​6736(21)​00306-8 (2021).

	 7.	 Acharya, K. P., Ghimire, T. R. & Subramanya, S. H. Access to and equitable distribution of COVID-19 vaccine in low-income 
countries. NPJ Vaccines 6, 54. https://​doi.​org/​10.​1038/​s41541-​021-​00323-6 (2021).

	 8.	 Arce, J. S. S. et al. COVID-19 vaccine acceptance and hesitancy in low-and middle-income countries. Nat. Med. 27, 1385–1394. 
https://​doi.​org/​10.​1038/​s41591-​021-​01454-y (2021).

	 9.	 Sallam, M. COVID-19 vaccine hesitancy worldwide: a concise systematic review of vaccine acceptance rates. Vaccines 9, 160. 
https://​doi.​org/​10.​3390/​vacci​nes90​20160 (2021).

	10.	 Abdool Karim, S. S. & de Oliveira, T. New SARS-CoV-2 variants-clinical, public health, and vaccine implications. N. Engl. J. Med. 
384, 1866–1868. https://​doi.​org/​10.​1056/​NEJMc​21003​62 (2021).

	11.	 Walensky, R. P., Walke, H. T. & Fauci, A. S. SARS-CoV-2 variants of concern in the united states-challenges and opportunities. 
JAMA 325, 1037–1038. https://​doi.​org/​10.​1001/​jama.​2021.​2294 (2021).

	12.	 WHO. Tracking SARS-CoV-2 variants. https://​www.​who.​int/​en/​activ​ities/​track​ing-​SARS-​CoV-2-​varia​nts (2021).
	13.	 Davies, N. G. et al. Estimated transmissibility and impact of SARS-CoV-2 lineage B.1.1.7 in England. Science 372, eabg3055. https://​

doi.​org/​10.​1126/​scien​ce.​abg30​55 (2021).
	14.	 Nyberg, T. et al. Risk of hospital admission for patients with SARS-CoV-2 variant B.1.1.7: cohort analysis. BMJ 373, n1412. https://​

doi.​org/​10.​1136/​bmj.​n1412 (2021).
	15.	 Challen, R. et al. Risk of mortality in patients infected with SARS-CoV-2 variant of concern 202012/1: matched cohort study. BMJ 

372, n579. https://​doi.​org/​10.​1136/​bmj.​n579 (2021).
	16.	 Bernal, J. L. et al. Effectiveness of COVID-19 vaccines against the B.1.617.2 variant. N. Engl. J. Med. 385, 385–594. https://​doi.​org/​

10.​1056/​NEJMo​a2108​891 (2021).
	17.	 England, P. H. Covid-19 vaccine surveillance report - week 31. https://​assets.​publi​shing.​servi​ce.​gov.​uk/​gover​nment/​uploa​ds/​

system/​uploa​ds/​attac​hment_​data/​file/​10089​19/​Vacci​ne_​surve​illan​ce_​repor​t_-_​week_​31.​pdf (2021).
	18.	 Callaway, E. COVID vaccine boosters: the most important questions. Nature 596, 178–180. https://​doi.​org/​10.​1038/​d41586-​021-​

02158-6 (2021).
	19.	 UN. COVID variants ‘winning the race against vaccines’ warns WHO chief | | UN news. https://​news.​un.​org/​en/​story/​2021/​07/​

10954​32 (2021).
	20.	 Loomba, S., de Figueiredo, A., Piatek, S. J., de Graaf, K. & Larson, H. J. Measuring the impact of COVID-19 vaccine misinformation 

on vaccination intent in the UK and USA. Nat. Hum. Behav. 5, 337–348. https://​doi.​org/​10.​1038/​s41562-​021-​01056-1 (2021).
	21.	 van der Linden, S., Dixon, G., Clarke, C. & Cook, J. Inoculating against COVID-19 vaccine misinformation. EClinicalMedicine33, 

https://​doi.​org/​10.​1016/j.​eclinm.​2021.​100772 (2021).
	22.	 Moore, S., Hill, E. M., Dyson, L., Tildesley, M. J. & Keeling, M. J. Modelling optimal vaccination strategy for SARS-CoV-2 in the 

UK. PLoS Comput. Biol. 17, e1008849. https://​doi.​org/​10.​1371/​journ​al.​pcbi.​10088​49 (2021).
	23.	 Matrajt, L. et al. Optimizing vaccine allocation for COVID-19 vaccines shows the potential role of single-dose vaccination. Nat. 

Commun. 12, 3449. https://​doi.​org/​10.​1038/​s41467-​021-​23761-1 (2021).
	24.	 Paltiel, A. D., Zheng, A. & Schwartz, J. L. Speed versus efficacy: quantifying potential tradeoffs in COVID-19 vaccine deployment. 

Ann. Intern. Med. 174, 568–570. https://​doi.​org/​10.​7326/​M20-​7866 (2021).
	25.	 Coudeville, L., Jollivet, O., Mahé, C., Chaves, S. & Gomez, G. B. Potential impact of introducing vaccines against COVID-19 under 

supply and uptake constraints in France: a modelling study. PLoS ONE 16, e0250797. https://​doi.​org/​10.​1371/​journ​al.​pone.​02507​
97 (2021).

	26.	 Romero-Brufau, S. et al. Public health impact of delaying second dose of BNT162b2 or mRNA-1273 COVID-19 vaccine: simula-
tion agent based modeling study. BMJ 373, n1334. https://​doi.​org/​10.​1136/​bmj.​n1334 (2021).

	27.	 Tetteh, J. N. et al. COVID-19 network model to evaluate vaccine strategies towards herd immunity. medRxivhttps://​doi.​org/​10.​
1101/​2020.​12.​22.​20248​693 (2020).

	28.	 Giordano, G. et al. Modeling vaccination rollouts, SARS-CoV-2 variants and the requirement for non-pharmaceutical interven-
tions in Italy. Nat. Med. 27, 993–998. https://​doi.​org/​10.​1038/​s41591-​021-​01334-5 (2021).

	29.	 Usherwood, T., LaJoie, Z. & Srivastava, V. A model and predictions for COVID-19 considering population behavior and vaccina-
tion. Sci. Rep. 11, 12051. https://​doi.​org/​10.​1038/​s41598-​021-​91514-7 (2021).

	30.	 Rella, S. A., Kulikova, Y. A., Dermitzakis, E. T. & Kondrashov, F. A. Rates of SARS-CoV-2 transmission and vaccination impact 
the fate of vaccine-resistant strains. Sci. Rep. 11, 15729. https://​doi.​org/​10.​1038/​s41598-​021-​95025-3 (2021).

	31.	 Caldwella, J. M. et al. Vaccines and variants: modelling insights into emerging issues in COVID-19 epidemiology. Paediatr. Respir. 
Rev. 1, S1526-0542. https://​doi.​org/​10.​1016/j.​prrv.​2021.​07.​002 (2021).

	32.	 MINSA. Situación nacional Covid-19. https://​www.​minis​terio​desal​ud.​go.​cr/​index.​php/​centro-​de-​prensa/​notic​ias/​741-​notic​ias-​
2020/​1532-​linea​mient​os-​nacio​nales-​para-​la-​vigil​ancia-​de-​la-​infec​cion-​por-​coron​avirus-​2019-​ncov (2021).

	33.	 Parry, H. M. et al. Extended interval BNT162b2 vaccination enhances peak antibody generation in older people. MedRxivhttps://​
doi.​org/​10.​1101/​2021.​05.​15.​21257​017 (2021).

	34.	 WHO. Who coronavirus (COVID-19) dashboard | WHO coronavirus (COVID-19) dashboard with vaccination data. https://​covid​
19.​who.​int/ (2021).

	35.	 INEC. Instituto Nacional de Estadística y Censo. https://​www.​inec.​cr/ (2021).
	36.	 CCSS. Modelo tarifario seguro de salud. Dirección financiera contable área contabilidad de costos subárea contabilidad de costos 

hospitalarios. Vigencia a partir del 01 de julio del 2020 (2020).
	37.	 CCSS. COVID-19 CCSS | vacunación. https://​www.​ccss.​sa.​cr/​web/​coron​avirus/​vacun​acion (2021).
	38.	 Solís Arce, J. S. et al. COVID-19 vaccine acceptance and hesitancy in low-and middle-income countries. Nat. Med. 27, 1385–1394. 

https://​doi.​org/​10.​1038/​s41591-​021-​01454-y (2021).
	39.	 Calvo, J. G., Sanchez, F., Barboza, L. A., García, Y. E. & Vásquez, P. A multilayer network model implementation for Covid-19. 

arXiv preprint arXiv:​2103.​08843 (2021).
	40.	 Kang, S.-J. & Jung, S. I. Age-related morbidity and mortality among patients with COVID-19. Infect. Chemother. 52, 154–164. 

https://​doi.​org/​10.​3947/​ic.​2020.​52.2.​154 (2020).
	41.	 Bernal, J. L. et al. Effectiveness of the Pfizer-Bio NTech and Oxford-AstraZeneca vaccines on Covid-19 related symptoms, hospital 

admissions, and mortality in older adults in England: test negative case-control study. BMJ 373, n1088. https://​doi.​org/​10.​1136/​
bmj.​n1088 (2021).

	42.	 England, P. H. COVID-19 vaccine surveillance report - week 33. https://​assets.​publi​shing.​servi​ce.​gov.​uk/​gover​nment/​uploa​ds/​
system/​uploa​ds/​attac​hment_​data/​file/​10124​20/​Vacci​ne_​surve​illan​ce_​repor​t_-_​week_​33.​pdf (2021).

	43.	 MATLAB. version 9.8.0 (R2020a) (The MathWorks Inc., Natick, Massachusetts, 2020).
	44.	 van Oosterhout, C., Hall, N., Ly, H. & Tyler, K. M. Covid-19 evolution during the pandemic–implications of new SARS-CoV-2 

variants on disease control and public health policies, https://​doi.​org/​10.​1080/​21505​594.​2021.​18770​66 (2021).
	45.	 Borchering, R. K. et al. Modeling of future COVID-19 cases, hospitalizations, and deaths, by vaccination rates and nonpharma-

ceutical intervention scenarios-united states, april–september 2021. MMWR Morb. Mortal. Wkly Rep. 70, 719–724. https://​doi.​
org/​10.​15585/​mmwr.​mm701​9e3 (2021).

	46.	 Sah, P. et al. Accelerated vaccine rollout is imperative to mitigate highly transmissible COVID-19 variants. EClinicalMedicine 35, 
100865. https://​doi.​org/​10.​1016/j.​eclinm.​2021.​100865 (2021).

https://doi.org/10.1016/S0140-6736(21)00306-8
https://doi.org/10.1038/s41541-021-00323-6
https://doi.org/10.1038/s41591-021-01454-y
https://doi.org/10.3390/vaccines9020160
https://doi.org/10.1056/NEJMc2100362
https://doi.org/10.1001/jama.2021.2294
https://www.who.int/en/activities/tracking-SARS-CoV-2-variants
https://doi.org/10.1126/science.abg3055
https://doi.org/10.1126/science.abg3055
https://doi.org/10.1136/bmj.n1412
https://doi.org/10.1136/bmj.n1412
https://doi.org/10.1136/bmj.n579
https://doi.org/10.1056/NEJMoa2108891
https://doi.org/10.1056/NEJMoa2108891
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1008919/Vaccine_surveillance_report_-_week_31.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1008919/Vaccine_surveillance_report_-_week_31.pdf
https://doi.org/10.1038/d41586-021-02158-6
https://doi.org/10.1038/d41586-021-02158-6
https://news.un.org/en/story/2021/07/1095432
https://news.un.org/en/story/2021/07/1095432
https://doi.org/10.1038/s41562-021-01056-1
https://doi.org/10.1016/j.eclinm.2021.100772
https://doi.org/10.1371/journal.pcbi.1008849
https://doi.org/10.1038/s41467-021-23761-1
https://doi.org/10.7326/M20-7866
https://doi.org/10.1371/journal.pone.0250797
https://doi.org/10.1371/journal.pone.0250797
https://doi.org/10.1136/bmj.n1334
https://doi.org/10.1101/2020.12.22.20248693
https://doi.org/10.1101/2020.12.22.20248693
https://doi.org/10.1038/s41591-021-01334-5
https://doi.org/10.1038/s41598-021-91514-7
https://doi.org/10.1038/s41598-021-95025-3
https://doi.org/10.1016/j.prrv.2021.07.002
https://www.ministeriodesalud.go.cr/index.php/centro-de-prensa/noticias/741-noticias-2020/1532-lineamientos-nacionales-para-la-vigilancia-de-la-infeccion-por-coronavirus-2019-ncov
https://www.ministeriodesalud.go.cr/index.php/centro-de-prensa/noticias/741-noticias-2020/1532-lineamientos-nacionales-para-la-vigilancia-de-la-infeccion-por-coronavirus-2019-ncov
https://doi.org/10.1101/2021.05.15.21257017
https://doi.org/10.1101/2021.05.15.21257017
https://covid19.who.int/
https://covid19.who.int/
https://www.inec.cr/
https://www.ccss.sa.cr/web/coronavirus/vacunacion
https://doi.org/10.1038/s41591-021-01454-y
http://arxiv.org/abs/2103.08843
https://doi.org/10.3947/ic.2020.52.2.154
https://doi.org/10.1136/bmj.n1088
https://doi.org/10.1136/bmj.n1088
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1012420/Vaccine_surveillance_report_-_week_33.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1012420/Vaccine_surveillance_report_-_week_33.pdf
https://doi.org/10.1080/21505594.2021.1877066
https://doi.org/10.15585/mmwr.mm7019e3
https://doi.org/10.15585/mmwr.mm7019e3
https://doi.org/10.1016/j.eclinm.2021.100865


9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:2279  | https://doi.org/10.1038/s41598-022-06236-1

www.nature.com/scientificreports/

	47.	 Alagoz, O. et al. The impact of vaccination to control COVID-19 burden in the United States: A simulation modeling approach. 
PLoS ONE 16, e0254456. https://​doi.​org/​10.​1371/​journ​al.​pone.​02544​56 (2021).

	48.	 Abbany, Z. COVID: Why are infections rising in Israel? https://​www.​dw.​com/​en/​covid-​why-​are-​infec​tions-​rising-​in-​israel/​a-​58887​
131 (2021).

	49.	 Ashton, E. Delta Variant Cases Soar in U.K. With More People Hospitalized. https://​www.​bloom​berg.​com/​news/​artic​les/​2021-​06-​
18/​delta-​varia​nt-​cases-​soar-​in-u-​k-​with-​more-​people-​hospi​taliz​ed (2021).

	50.	 Dagan, N. et al. BNT162b2 mRNA Covid-19 Vaccine in a Nationwide Mass Vaccination Setting. N. Engl. J. Med. 384, 1412–1423. 
https://​doi.​org/​10.​1056/​NEJMo​a2101​765 (2021).

	51.	 Vasileiou, E. et al. Interim findings from first-dose mass COVID-19 vaccination roll-out and COVID-19 hospital admissions in 
Scotland: a national prospective cohort study. Lancet 397, 1646–1657. https://​doi.​org/​10.​1016/​S0140-​6736(21)​00677-2 (2021).

	52.	 WHO. Pandemic fatigue: reinvigorating the public to prevent Covid-19: policy framework for supporting pandemic prevention 
and management: revised version November 2020. Tech. Rep., World Health Organization. Regional Office for Europe (2020).

	53.	 OCDE. Estudios de la ocde sobre los sistemas de salud: Costa Rica. https://​www.​comex.​go.​cr/​media/​8460/​salud.​pdf (2017).
	54.	 WHO/PAHO. Perfil del sistema y servicio de salud de Costa Rica. file:///C:/Users/Lenovo/Downloads/OPSCRI19001_spa.pdf 

(2018).
	55.	 CCSS. Medidas para mitigar el impacto financiero de la pandemia del Covid-19, para los años 2021-2022. https://​www.​ccss.​sa.​cr/​

web/​coron​avirus/​assets/​mater​iales/​perso​nal/​linea​mient​os/​657.​pdf (2021).
	56.	 ONS. Coronavirus and the social impacts on Great Britain. https://​www.​ons.​gov.​uk/​peopl​epopu​latio​nandc​ommun​ity/​healt​hands​

ocial​care/​healt​handw​ellbe​ing/​datas​ets/​coron​aviru​sandt​hesoc​ialim​pacts​ongre​atbri​taind​ata (2020).
	57.	 Keeling, M. J., Newman, M., Barabási, A.-L. & Watts, D. J. The effects of local spatial structure on epidemiological invasions. In 

The Structure and Dynamics of Networks, 480–488 (Princeton University Press, 2011).
	58.	 Bish, A., Yardley, L., Nicoll, A. & Michie, S. Factors associated with uptake of vaccination against pandemic influenza: a systematic 

review. Vaccine 29, 6472–6484. https://​doi.​org/​10.​1016/j.​vacci​ne.​2011.​06.​107 (2011).
	59.	 Polack, F. P. et al. Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N. Engl. J. Med. 383, 2603–2615. https://​doi.​org/​

10.​1056/​NEJMo​a2034​577 (2020).
	60.	 Keehner, J. et al. SARS-CoV-2 infection after vaccination in health care workers in California. N. Engl. J. Med. 384, 1774–1775. 

https://​doi.​org/​10.​1056/​NEJMc​21019​27 (2021).
	61.	 Jacobson, K. B. et al. Post-Vaccination Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Infections and Incidence 

of the Presumptive B.1.427/B.1.429 Variant Among Healthcare Personnel at a Northern California Academic Medical Center. Clin. 
Infect. Dis.https://​doi.​org/​10.​1093/​cid/​ciab5​54 (2021).

	62.	 WHO. Vaccine inequity undermining global economic recovery. https://​www.​who.​int/​news/​item/​22-​07-​2021-​vacci​ne-​inequ​ity-​
under​mining-​global-​econo​mic-​recov​ery (2021).

Acknowledgements
The authors would like to thank the Research Center in Pure and Applied Mathematics and the School of 
Mathematics at Universidad de Costa Rica for their support during the preparation of this manuscript. They 
also thank the Ministry of Health for providing data and valuable information for this study. Dr. Yury E. García 
was partially funded by the Healthy Davis together program. Thanks to Dr. María Dolores Pérez-Rosales, Rep-
resentative of the Pan American Health Organization/World Health Organization in Costa Rica for her support 
and encouragement to pursue this work.

Author contributions
Y.G. and P.V., designed the study, performed simulations, analyzed data, and wrote the initial draft. G.M. and F.S 
designed the study, interpretation and analysis of the results, and edited the manuscript. J.C. coded the model 
and edited the manuscript. L.B. and T.R. designed the study and edited the manuscript. All authors reviewed the 
manuscript. G.M. is a staff member of the Pan American Health Organization. The author alone is responsible 
for the views expressed in this publication, and they do not necessarily represent the decisions or policies of the 
Pan American Health Organization.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.E.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1371/journal.pone.0254456
https://www.dw.com/en/covid-why-are-infections-rising-in-israel/a-58887131
https://www.dw.com/en/covid-why-are-infections-rising-in-israel/a-58887131
https://www.bloomberg.com/news/articles/2021-06-18/delta-variant-cases-soar-in-u-k-with-more-people-hospitalized
https://www.bloomberg.com/news/articles/2021-06-18/delta-variant-cases-soar-in-u-k-with-more-people-hospitalized
https://doi.org/10.1056/NEJMoa2101765
https://doi.org/10.1016/S0140-6736(21)00677-2
https://www.comex.go.cr/media/8460/salud.pdf
https://www.ccss.sa.cr/web/coronavirus/assets/materiales/personal/lineamientos/657.pdf
https://www.ccss.sa.cr/web/coronavirus/assets/materiales/personal/lineamientos/657.pdf
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/healthandwellbeing/datasets/coronavirusandthesocialimpactsongreatbritaindata
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/healthandwellbeing/datasets/coronavirusandthesocialimpactsongreatbritaindata
https://doi.org/10.1016/j.vaccine.2011.06.107
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1056/NEJMc2101927
https://doi.org/10.1093/cid/ciab554
https://www.who.int/news/item/22-07-2021-vaccine-inequity-undermining-global-economic-recovery
https://www.who.int/news/item/22-07-2021-vaccine-inequity-undermining-global-economic-recovery
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Projecting the impact of Covid-19 variants and vaccination strategies in disease transmission using a multilayer network model in Costa Rica
	Methods
	Data. 
	Model. 
	Scenarios. 

	Results
	Scenario 1 and 2 considering the current variants as dominant for the rest of the year. 
	Scenario 1 and 2 considering that Delta variant gradually becomes dominant over time. 
	Impact of the introduction of the Delta variant with different vaccine administration. 

	Discussion
	References
	Acknowledgements


