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Abstract 

Non-pharmaceutical interventions (NPIs) and vaccination are two fundamental 

approaches to mitigate the coronavirus disease 2019 (Covid-19) pandemic. Vaccination 

strategies are generally less costly and socially/economically disruptive than NPI 

strategies, such as business closures, social distancing, and face mask mandates, as 

evidenced by highly vaccinated countries generally rolling back NPIs. However, the 

respective real-world impact of an NPI strategy versus vaccination strategy, or the 

combination of both, on mitigating Covid-19 transmission remains uncertain. To 

address this, we built a Bayesian inference model to explore the changing effectiveness 

of NPIs and vaccination based on the assembled large-scale dataset, including 

epidemiological parameters, variants, vaccines, and control variable. Here we show that 

NPIs were still considerably complementary or even synergistic to vaccination in the 

effort to curb the Covid-19 infection before reaching herd immunity. We found that (1) 

the synergistic effect of NPIs and vaccination was 46.9% (reduction in reproduction 

number) in September 2021, whereas the effects of NPIs and vaccination alone were 

20.7% and 28.8%, respectively; (2) effectiveness of NPIs is less sensitive to emerging 

COVID-19 variants but decreases with vaccination progress, as NPIs may 

unnecessarily restrict the vaccinated population. The effectiveness of NPIs alone 

declined approximately 23% since the introduction of vaccination strategies, where the 

relaxation of NPIs promoted the decline from May 2021. Our results demonstrate that 

the decision to relax NPIs should consider the real-world vaccination rate of the 

relevant population, which is determined by the observed vaccine efficacy in relation 

to extant and emerging variants. 

 

Key words: Covid-19; non-pharmaceutical interventions; vaccination; variants 



Introduction 

Governments worldwide have implemented a series of non-pharmaceutical 

interventions (NPIs) to varying extents since early 2020 against local transmission of 

the coronavirus disease 2019 (Covid-19)1. The impact of these NPI strategies has been 

well documented2,3,4, yet the consequences of such socially and economically long-term 

restrictions have raised concerns in terms of economic recession5 and unintended 

adverse mental-health outcomes6. The production and implementation of several 

vaccine candidates to prevent symptomatic Covid-19 and resultant hospitalization or 

death provided a promising opportunity to relax NPIs, addressing the economic and 

social burdens. However, clinical trials estimating vaccine efficacy were conducted 

when novel variants, such as the Delta-variant, had not yet emerged7, with a notably 

larger transmission capacity. Moreover, the evidence based NPI implementation 

alongside vaccination progress is still unclear. As more countries worldwide increase 

vaccination rates, the effect of a combined vaccination and NPI strategy must be 

quantified over time and within the context of emerging or extant variants and their 

transmission capacity. This information is vital for informing policymakers who wish 

to promote public health while also easing the burden of invasive and restrictive NPIs. 

Since the Pfizer vaccine was first authorised by the UK government on 2 

December 2020, more countries, particularly in Europe, have begun their mass-

vaccination programme. The effectiveness of the Pfizer vaccine against preventing 

symptomatic severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 

infection was documented as 95.0% (95% credible interval (CI), 90.3% - 97.6%) as of 

November 20208. Since then, five other Covid-19 vaccine products, including Moderna, 

Johnson & Johnson, AstraZeneca, Sinopharm.Beijing and Sputnik.V, have been 

approved in Europe with varied effectiveness against the transmission of SARS-CoV-

29. The cumulative number of confirmed Covid-19 cases in Europe for March 2021 was 



8,410,531, representing a decrease of 83% in cases from December 2020 following the 

commencement of vaccination in Europe10. 

By mid-September 2021, the vaccination rate had reached 59.6% in the 

European Union, with 66.1% in the UK and 64.2% in Israel10, reflecting the proportion 

of populations who received at least two doses of a Covid-19 vaccine. Despite these 

vaccination rates, a subsequent wave of Covid-19 cases emerged in July 2021 with 

daily confirmed cases of nearly 40,000, driven primarily by the emergence of the novel 

Delta variant. Vaccines were widely less effective against this more transmissible 

variant, and further not all vaccinated populations developed enough antibodies to 

prevent breakthrough infections. Since the Alpha variant was first identified in the 

United Kingdom11, numerous more transmissible SARS-CoV-2 variants were already 

spreading in Europe, possibly causing new waves of infection with the emergence of 

immune evasion12,13. Vaccine efficacy against highly transmissible variants was 

weakened, as evidenced by the decrease in efficacy among the ChAdOx1 vaccine to 

67.0% (61.3% - 71.8%)14. Despite this, many governments in Europe have stipulated 

various roadmaps to relax NPIs since June 202115. Undoubtedly, the variation in 

vaccine efficacy among the differing vaccine candidates leads to diverse practical 

protection in preventing symptomatic infections and hospitalizations or deaths16, 

resulting in uncertainty as to the true threshold of herd immunity. Under this situation, 

rushed relaxation of NPIs could bring a risk of Covid-19 resurgence. 

Previous studies17,18,19,20 have used epidemiological model-based numerical 

simulations to discuss NPI implementation in the post-vaccine rollout. For example, 

NPIs were estimated to have a higher impact in preventing infection than vaccination 

alone during the first phase of the vaccination campaign in Italy, assuming a variety of 

immunization rates through January 202219. Further, using a mathematical model 



informed by age structure within the UK, even with an optimistic scenario that vaccines 

can prevent 85% of infections regardless of variants, the reproduction number was still 

estimated as 1.58 (suggesting sustainable transmission) after full vaccination of the 

population in the absence of NPIs20. These results suggest that NPIs should be 

continually implemented during vaccination programmes and post-vaccination to 

prevent Covid-19 transmission. In addition, population immunity was directly defined 

as various scenarios in the mathematical models which may or may not reflect reality, 

and the geography of variant emergence and resulting vaccine efficacy are often absent 

or incomplete. The gap between the de facto vaccination-immune and the vaccinated 

population can lead to a misunderstanding of simulation results16, where much 

uncertainty is introduced by varying vaccine efficacy and variant emergence21. 

Therefore, the respective real-world effectiveness of NPIs plus and vaccination 

strategies are still unclear, resulting in uncertainty as to which policies and interventions 

are most suitable. 

Here, we estimate the real-world impact of vaccination programmes and the 

NPI strategies in mitigating Covid-19 transmission over time, against emerging variants 

and various settings. We adopted a data-driven approach to quantify the change in 

transmission across 27 countries, as a result of one or both of these strategies. Our 

results attempt to explore the relative impact of NPIs versus vaccination using large-

scale and real-time data, including epidemiological parameters, variants, vaccines, and 

control variable. Before reaching herd immunity through vaccination alone, continuing 

NPIs will likely have an effect that is complementary or even synergistic to vaccination 

programmes in preventing transmission and reducing symptomatic and severe COVID-

19. These results can potentially inform interventions that countries implement to 



control transmission in current and future waves of infections with varying degrees of 

vaccination rates, to support prompt policy decisions. 

 

Results 

We analysed data from 26 European countries, including Austria, Belgium, Bulgaria, 

Switzerland, Czechia, Germany, Denmark, Spain, Estonia, Finland, France, Croatia, 

Hungary, Ireland, Iceland, Italy, Lithuania, Luxembourg, Latvia, Netherlands, Poland, 

Portugal, Slovakia, Slovenia, Sweden, and the United Kingdom, and Israel from 1 

August 2020 to 20 September 2021. Although Israel is in Western Asia, for the purpose 

of these analyses it was considered closer to Europe in terms of lifestyle and public 

activities, and therefore with similar effects of NPIs as European countries. Thus, we 

include Israel in these analyses, especially with its exemplary vaccination progress 

(64.2% by 20 September 2021), which offered a natural comparison to other European 

countries. Given strong spatiotemporal heterogeneity in transmission (Fig. 1a), we used 

the instantaneous reproduction number (𝑅") to represent the real transmissibility under 

government intervention and vaccination. The effectiveness of NPIs and vaccination, 

thus, was defined as empirical change of basic reproduction number (Δ𝑅$), i.e., the 

amount of reduction in instantaneous basic reproduction number (𝑅$,") to obtain the 

real transmissibility 𝑅" , where the instantaneous basic reproduction number (𝑅$," ) 

represents the daily transmissibility baseline varied with the changing coronavirus 

contexts over time (Fig. 1c). We also evaluated the practical vaccination rate, i.e., the 

fraction of the population that is effectively immune via vaccination amongst the whole 

population of interest, e.g., by country in this study, to estimate the real-world effect of 

vaccination against variants and various real-world settings, such as mobility, social 

distancing, mask usage, etc. As various countries implemented diverse NPIs packages 



without coordination22, we used government interventions' integrated stringency index 

as a proxy to estimate the general restraint of ‘lockdown style’ NPIs. 

 

 

Fig. 1 Overview of the data context. (a) Daily confirmed cases between 1 August 

2020 and 20 September 2021 (outside the circle) and the documented vaccination rate 

mapping on 20 September 2021 (inside the circle) of the studied 27 countries. (b) The 

shallow lines in the background are the stringency index of ‘lockdown’ style NPIs (in 

yellow) and the documented vaccination rate, respectively, across the 27 countries 

between 1 August 2020 and 20 September 2021. The corresponding two thick lines 

were fitted by the national data, representing the comprehensive circumstances in 

Europe (including Israel). (c) - (d) The daily proportion of the infections caused by the 

SARS-CoV-2 and its variants, and the daily proportion of different vaccine products 

used for vaccination from 1 August 2020 to 20 September 2021 in the 27 countries. Of 

note, 1 August 2020 is about two months before the variants Alpha emerged, we studied 

NPIs effect from the date to investigate the NPIs effectiveness over time, against 

variants and various settings. 

 

Effect of NPIs and vaccination over time 

The respective effects of NPIs and vaccination were estimated for Europe over time 

(Fig. 2). From 1 August 2020 to the start of vaccination in each of the studied 27 



countries, the effectiveness of NPIs gradually climbed from 25.3% (95% CI: 22.7% - 

27.8%) to 47.1% (43.2% -50.8%). With the progress of vaccination, the effectiveness 

of NPIs continually increased to 55.5% (52.7% - 58.2%), where the practical 

vaccination rate was 4%. Thereafter, the effect of NPIs gradually dropped to 20.7% 

(18.1% - 23.1%) on 20 September 2021, with the regional average practical vaccination 

rate of 46%. In contrast, the effectiveness of vaccination successively increased along 

with the improved practical vaccination rate, reaching 28.8% (23.8% - 33.6%) by 20 

September 2021. It should be noted that the effect of vaccination exceeded that of the 

NPIs since August 2021. Though the efficiency of the vaccination had been flourishing 

since its roll-out, the Delta variant hindered its increase. The effect of vaccination 

between August and September 2021 was almost static. 

We also evaluated 𝑅$,"  during the study period. As variants successively 

emerged over time, 𝑅$," increased from 3.18 (95% credible Interval: 3.02 - 3.35) on 1 

August 2020 to 4.46 (4.17 - 4.76) on 20 September 2021. Before the onset of 

vaccination, NPIs alone controlled the practical transmissibility, measured by 𝑅", to 

about 1.07 (1.00 - 1.15) together with the unobserved confounders but still larger than 

1. When countries started to vaccinate their population, despite 𝑅$,"  increasing, 𝑅" 

decreased to 0.77 (0.68 - 0.87) in June 2021. Thereafter, however, 𝑅"  increased to 

above 1 again (about 1.19 (1.11 - 1.28)) after the end of June. While the combination 

of NPIs and vaccination has decreased a larger share of 𝑅$," during this period than 

before together with the same unobserved confounders. 



 

Fig. 2 The respective effectiveness of NPIs and vaccination across time. The 

effectiveness of NPIs and vaccination was estimated across 27 countries by month 

between 1 August 2020 and 20 September 2021. Within each country, the monthly 

effectiveness estimates were calculated by the coefficients of NPIs and vaccination 

through 1 − exp	(−𝛼/𝑥12), where 𝑥12 	is the average of the national stringency index and 

the practical vaccination protection rate over each month, respectively. Then, we 

merged all the national results to the European case by meta-analysis.	The bottom green 

shadow illustrates the observed reduction of the transmissibility in terms of the 

instantaneous basic reproduction number. The dates that Alpha and Delta dominated 

(>50%) in the transmitted coronavirus are indicated by pink lines. 

 

Impact of vaccination on the effectiveness of NPIs 

The effectiveness of vaccination increased across countries with the increased practical 

vaccination rate, against various conditions of variants, vaccine products, and societies. 

With a practical vaccination rate of between 30% and 40%, vaccination can reduce 19.9% 

(in median) of the basic reproduction number, while NPIs alone can reduce 40.4% of 

the basic reproduction number. However, when the practical vaccination rate exceeded 

40%, the effectiveness of vaccination (30.0% in median) surpassed that of the 

implemented NPIs at the same period (16.5%). In our study, only six countries had not 



reached such a high practical vaccination rate instead of the documented full 

vaccination rate by 20 September 2021, including Bulgaria (18.2%), Estonia (36.7%), 

Croatia (33.5%), Latvia (38.4%), Slovakia (33.5%) and Portugal (37.5%). Yet, facing 

more aggressive variants, such as the Delta variant, further steps in boosting practical 

vaccination rate were accompanied by a slowdown in the effect raise of vaccination 

where NPIs effect revived at this stage and advanced than the effectiveness of 

vaccination by 7.2%. 

 

 
Fig. 3 The effectiveness of NPIs under different vaccination progress across 

countries. (a) The raincloud plot of NPIs effects (in blue) under different practical 

vaccination rates; and the box plot of vaccine effectiveness (red) on reducing the 

transmission of COVID-19 under different stages of the vaccination programme. The 

box is drawn from Q1 to Q3, with a horizontal line drawn in the middle to denote the 

median. The “raincloud” visualizes the stringency index intensity (point) and the 

probability density of its effectiveness with vaccination progress. The bottom bar plot 

illustrates the structure of the mix virus under the vaccination process. (b) The box plot 

of vaccine effectiveness for different practical vaccination rates under variations of 

stringency index. The difference between the effectiveness of NPIs under different 

practical vaccination rates was assessed by ANOVA. 

 

Fig. 3b showed that the effectiveness of NPIs has been weakened by vaccination 

progress. Amid different vaccination phases, we found that NPIs of similar stringency 



index kept an obvious lower amount of the effect on mitigating Covid-19 transmission 

when the practical vaccination rate exceeded 30%. The stringency index of 

implemented NPIs higher than 65 has vanished when the practical vaccination rate 

exceeds 45%. 

 

Relaxation of NPIs amid vaccination 

With the fixed vaccination progress on 20 September 2021, we investigated the kind of 

change regarding the stringency index to stop Covid-19 across countries. Due to the 

sensitivity of vaccination effect in terms of the settings, we compared 𝑅"  on 20 

September 2021 with Rt = 1 to estimate the amount of effectiveness should be increased 

(when 𝑅" > 1) or could be relaxed (when 𝑅" < 1) in terms of NPIs. Based on the 

practical vaccination rate of about 45% in Europe, NPIs effectiveness in reducing Rt 

should be about 35%. The stringency index of NPIs should maintain 60 currently, while 

it can relax to 44 in the post-vaccination era. Besides, we found that most countries 

should still have a higher stringency index. For example, it is better to increase 16 units 

of the stringency in Slovakia, while Finland could drop 7.5 units of stringency index 

down. To validate our evaluation, we also compared our results with an openness risk 

calculated by Hale et al23. It is noted that we compared the two kinds of measurements 

on 4 March instead of 31 July 2021 due to the limited available dates of openness risk. 

We found that our forecasted variations on NPIs implementation to stop Covid-19 were 

highly correlated (𝑅5 = 0.49, 𝑝 = 0.01) to the openness risk (Fig. 4b).  

 



 

Fig. 4 The indispensable tension and possible relaxation of NPIs in stopping Covid-

19 across countries. (a) With the situation of vaccination across countries by 31 July 

2021, the mapping of differences between the evaluated stringency index of NPIs to 

stop Covid-19 (Rt=1) and the practical implemented stringency index on 31 July 2021. 

(b) The comparison between our evaluated differences in (a) and openness risk 

calculated by Hale et al23 for the day of 14 March 2021. 

 

Discussion 

We used a data-driven approach to estimate the respective effectiveness of NPIs and 

vaccination in 27 countries between 1 August 2020 and 20 September 2021. The 

documented vaccination rate was adjusted by the variants and vaccine products for each 

country to reflect the de facto population protected by the Covid-19 vaccine; to our 

knowledge, it has been rarely considered in previous studies. We found that the 

effectiveness of NPIs on mitigating Covid-19 would be depressed by vaccination. Since 

vaccination till September 2021, the effectiveness of NPIs has declined by about 23.3% 

on reducing 𝑅"  (from 55.6% to 32.3%). However, facing the higher transmissible 

variants, NPIs were complementary or even synergistic to vaccination in the effort to 

end the COVID-19 pandemic before reaching herd immunity, at least in the short term. 

Where the synergistic effect of NPIs and vaccination was 46.9% in September 2021. 



Thus, moderately maintaining NPIs throughout the upcoming SARS-CoV-2 

vaccination campaign is essential for maximizing the health benefit. Furthermore, the 

relaxation of NPIs should be cautiously considered against variants, vaccination phases, 

and various settings. 

Both the effects of NPIs and vaccination were highly correlated to the 

implemented strength and practical vaccination rate, respectively. The documented 

effectiveness of Covid-19 vaccines was mainly conducted by clinical trials24,25,26, which 

cannot represent the real-world effect in the local context. We adjusted the reported 

vaccination rate by the active contextual coronavirus and the employed vaccine 

products, accounting for the different effects of vaccines against various variants, to 

estimate the actual immune population by vaccination. Therefore, the higher practical 

vaccination rate indicates that more population is immune, resulting in a higher effect 

of vaccination on curbing Covid-19 transmission. Despite the effectiveness of NPIs 

documented being evaluated empirically in previous studies27,28,29, the estimates were 

mainly in a point for all study periods. For example, Branuer et al.30 provided evidence 

that the intervention with the stricter requirement had more effect. Implementing NPIs 

with higher strength, such as restrictions of gatherings of more than 10 people compared 

to that of more than 1000 people, would further decrease the potential contact 

population of infections. Under the circumstance, the susceptible population is harder 

to contact the infections and become new infections then, if the probability of getting 

infected after contact is unchanged. Our estimates of NPIs effectiveness are consistent 

with these findings, and we also provide the effectiveness of NPIs over time to counter 

the influence of policy fatigue31. 

It is important to recognize that NPIs and vaccination minimize the impact of 

the pandemic through distinct mechanisms32: the former decreases effective 



transmission rates, and the latter increases the number of people who are non-

susceptible to infection. Previous mathematical modelling studies17,18,19,20 designed 

different vaccination progress simulating the possible trajectories of Covid-19 under 

the control of NPIs. We estimated the effects of NPIs and vaccination based on the 

observations of Covid-19 trajectories and data on NPIs and vaccination progress, which 

provided supplementary knowledge to previous studies by unveiling the impact of 

vaccination on the effectiveness of NPIs. Specifically, our results demonstrated that the 

effectiveness of NPIs declined with vaccination progress, instead of non-interfering 

with each other. In other words, with a more immune population, NPIs might have been 

less of an effect. NPIs aim to shrink the contact network of the infected population who 

are still active in society. With the progress of vaccination, the susceptible population 

in the contact network under the same NPIs would be reduced, leading to a lower 

efficacy of NPIs. Nonetheless, the progress of vaccination also accompanied various 

variants emerged, where the very transmissible Delta may confound the decreased 

effect of NPIs. 

Our study was a real-world empirical example par excellence demonstrating 

that vaccination alone might not be enough to stop Covid-19 without NPIs 

implementation. Relaxing NPIs before attaining adequate vaccine coverage would 

enable infection of many more people before their vaccination than would occur if NPIs 

were to be maintained or increased. Locally, relaxation of NPIs increases the 

reproduction number, Rt, which enables greater transmission of the virus and a larger 

overall attack rate. These changes lead to a faster and larger accumulation of infections 

that could greatly outpace vaccination distribution efforts33,34. More importantly, 

compared with vaccination, NPIs effects were less sensitive to the variants. Of note, the 

Alpha variant emerged before any vaccination program, while NPIs still showed their 



ability in controlling the transmission of Covid-19 against Alpha variants. For example, 

with respect to vaccination alone, facing aggressive variants such as the Delta variant, 

over 80% of people need to have immunity to achieve herd immunity (SI Fig. B5). 

Limited by the weakened effect of various vaccine products against different variants, 

such a high fraction may be hard to achieve. Furthermore, vaccination has reached most 

sectors of the population, though inoculation of children under 16 has yet to be 

recommended. The very population attacked by the recent outbreak of Covid-19, 

caused by the variants Delta, in China was children instead of previous young people35, 

because most adults have been fully vaccinated. It evidenced the importance of the 

continued implementation of NPIs.  

There are several limitations in this study. (1) Despite population structure 

seems to be a major confounder here, due to the limited data, we assumed that there is 

no significant difference across age groups either in the transmissibility or efficacy of 

vaccination. Age is more important to explain morbidity because older age cohorts are 

associated with more severe infection36. In addition, in countries with high attack rates, 

a portion of the vaccination goes to persons already infected, but the effect has not been 

considered due to inadequate data. (2) The estimated effectiveness of vaccination has 

not covered the whole vaccination progress. The implementation style of government 

intervention has differences across countries1, especially for regions or continents. 

Despite the effectiveness of NPIs and vaccination may further vary with conditions 

change, broader trends in the results were highly consistent across experimental 

conditions (SI Fig B6). (3) The strength change of government intervention and 

vaccination may have a delayed impact on the effectiveness37, and the antibody will 

decrease over time38. To avoid the effect of delay, we performed the estimation for each 

month and found that our main results were stable over time. (4) We used a general 



proxy of NPIs to represent the situations of NPIs implementation instead of studying 

individual specific NPIs due to inadequate data and collinearity. More discussions can 

be found in SI. 

Our work untangled the effectiveness of government interventions and 

vaccination on stopping Covid-19 transmission, providing evidence and basis to 

respond for future Covid-19 resurgence. Currently, NPIs are still the very approach to 

stop Covid-19, even with a high vaccination rate. In the long term, people who have 

been infected with SARS-CoV-2 can expect to become reinfected within one or two 

years, unless they take precautions such as getting vaccinated and wearing masks39,40. 

It suggested deploying NPIs replacing the Covid-19 vaccine booster shot while 

distributing limited vaccines to the area with low vaccination rates to ultimately stop 

Covid-19. With the more transmissible variants emerging in the future, NPIs were 

supposed to be continuously deployed due to their robust effect against variants. 

Overall, the global health community needs to work together to resolve the remaining 

knowledge gap on the effectiveness of the Covid-19 vaccine and share the evolving 

data in a timely manner to support timely policy decisions.  



Methods 

Data sources and processing 

Epidemiological parameters. We used the instantaneous reproduction number (𝑅") to 

represent real-world Covid-19 transmission. In this study, the daily estimates of Rt were 

calculated from the daily new cases using the Kalman filter41. In particular, the 

dynamics of 𝑅" was considered as 

𝑅" = 𝑅"<= + 𝜀" , 𝜀"~𝑖. 𝑖. 𝑑.𝑁(0, 𝜎E5) 
and output was defined as the growth rate (𝑔") of Covid-19 infections, which is derived 

from the classic SIR model linking to 𝑅" 
𝑔" = 𝛾(𝑅" − 1) + 𝜂" , 𝜂"~𝑖. 𝑖. 𝑑. 𝑁(0, 𝜎I5) 

where γ is the daily transition rate from infected to recovered which is the inverse of 

the serial interval42. The Kalman smoother fitted 𝑔"  to the observed growth rates 

derived from the empirical cases data, to give best estimates of Rt in terms of 

minimizing mean-squared error. In contrast, to derive the empirical change of 

transmission trend, we also estimated the instantaneous basic reproduction number 

(𝑅$,") to capture the intrinsic transmission capability caused by the coronavirus alone. 

We assembled the biweekly proportion of six main SARS-CoV-2 variants circulated 

and identified in each of 27 study countries, including lineages B.1.1.7 (Alpha), B.1.351 

(Beta), P.1 (Gamma), B.1.617.2 (Delta), B.1.525 (Eta), and B.1.617.1 (Kappa), to 

estimate 𝑅$," of COVID-19 transmission within each country, according to the basic 

reproductive number of each variant. We used the weighted average of the basic 

reproduction number of each coronavirus as the instantaneous basic reproduction 

number, 

𝑅$," =J𝑤/,"𝑅$,/
L

/M=
 



where 𝑤/," is the weight of the basic reproduction number of the coronavirus i (𝑅$,/) at 

day 𝑡 , calculated by the proportion of infections caused by that virus. The data of 

SARS-CoV-2 and its related variants was collected from Global Initiative on Sharing 

All Influenza Data (GISAID)43 between 21 December 2020 and 20 September 2021. 

More details of data collation and analysis can be found in SI. 

 

Stringency index of NPIs. We also used a large-scale dataset of non-pharmaceutical 

interventions collected and assembled by the Oxford Covid-19 Government Response 

Tracker (OxCGRT)44. The stringency index is a composite measure provided by 

OxCGRT based on their collected nine response indicators including eight containment 

and closure policy indicators (school closures, workplace closures, public events cancel, 

gatherings restrictions, public transport closures, stay-at-home orders, internal 

movement restriction, and international travel controls) and one indicator of public 

information campaigns, scaled range from 0 to 100 (100 represents implementing the 

strictest NPIs). 

 

Vaccination data. We first collected the national daily full vaccination rate from our 

world in data45. Fully vaccination rate is the statistic of the fraction of the total 

population who received at least two doses of Covid-19 vaccine. However, different 

vaccines have various effects against different variants on preventing transmission. To 

adjust the difference of active variants and the vaccine products across countries, we 

estimated the practical vaccination rate to represent the practical population protected 

by the vaccine. To do so, we collected data on vaccine products used in each country 

over time since December 2, 2020. For each used Covid-19 vaccine product, we 



evaluated the daily effect of the vaccine (𝑒/,") as the weighted average of the effect of 

the vaccine i against the active coronavirus j within the corresponding dates 𝑡. 

𝑒/," =J𝑣𝑎𝑐𝑐𝑖𝑛𝑒/,T ∗ 𝑣𝑖𝑟𝑢𝑠T,"
L

TM=
 

Then, the daily protection rate of vaccination (𝐸" ) was estimated by the weighted 

average of the daily effect of all used vaccines over time.  

𝐸" =J𝑃/," ∗ 𝑒/,"
[

/M=
 

where the weights (𝑃/,") was the proportion of the corresponding used vaccine products. 

Finally, the national daily practical vaccination rate (𝐸𝑉") was estimated by the national 

daily full vaccination rate multiplying our calculated daily protection rate for the 

corresponding country.  

𝐸𝑉" = 𝑉" ∗ 𝐸" 

The clinical trial-based effectiveness of each vaccine product against SARS-CoV-2 as 

well as its different variants are listed in SI Table A2. 

 

Control variables. We used the daily air temperature to account for the seasonal and 

weather effect on human behaviour, especially human mobility, which possess 

significant influence on Covid-19 trajectories. We assembled daily air temperatures for 

all study countries, which were derived from the Global Land Data Assimilation 

System46. Although humidity can better inform us of the weather (such as rainy days), 

we only used temperature as a control variable in this study, since the humidity was 

highly associated with the temperature during our study context. 

 



Assessing the effectiveness of NPIs and vaccinations 

We measured the empirical change from the instantaneous basic reproduction number 

( 𝑅$," ) to the instantaneous reproduction number ( 𝑅" ) as an outcome variable, 

representing the amount of the reduction in the Covid-19 transmissibility against 

different variants context, and interventions and vaccination settings over time. The 

implemented NPIs and vaccination were two major factors that lead the 𝑅$,"  to 𝑅" , 

therefore, we used the generalized linear model to describe the relationship between 

𝑅$," and 𝑅". 

𝑅" = 𝑅$,"exp	(−𝛼𝑥 − 𝛽𝑦 − 𝛾𝑧 + 𝜀)	

where x, y, and z are the stringency index of NPIs, practical vaccination rate, and air 

temperature, respectively. The unobserved confounders of the change between 𝑅$," and 

𝑅" were represented by the residuals 𝜀. To estimate the model parameters, we further 

built a Bayesian framework to provide the estimates with prior knowledge. We assumed 

that 𝑅"~negative	binomial(𝑅$,"exp	(−𝛼𝑥 − 𝛽𝑦 − 𝛾𝑧), 𝜎) , where 

𝜎~half_normal(0, 0.5). The effect of NPIs can be calculated by 1 − exp(−𝛼𝑥)	, and 

1 − exp(−𝛽𝑦)  for vaccination. Under the situation, the effect was defined by the 

amount of the reduction in 𝑅$," regarding 𝑅", i.e., 1 − 𝑅"/𝑅$,". 

 

We used generalized additive regression to study the effectiveness of NPIs and 

vaccination together. Wherein the outcome variable is the change of 𝑅", i.e., the change 

of transmission pattern, and the explanatory variables are NPIs stringency index and 

vaccination rate. The category, as well as the implementation intensity of NPIs, varied 

over time, and the vaccination rate also varied over time and across countries. The 

variations in independent variables allow us to differ the effect of different interventions. 

Thus, we can assign the variation of Rt to the impact of NPI and vaccination. 



 

To differentiate the impact of vaccination from the effectiveness of NPIs, we first 

estimated the NPIs effect before the start of the vaccination programme from 1 August 

2020. Then, we estimated the separate effect of NPIs and vaccination for each country 

from their beginning of vaccination to 20 September 2021. Finally, the impact of 

vaccination on the effectiveness of NPIs was defined by the difference between NPIs 

effect before and after the vaccination onset. Then, we merged the country-level results 

to represent the circumstance in European countries and Israel. 

 

The uncertainty of 𝑅$,"  and 𝑅"  was incorporated in our estimation by simultaneous 

sampling 30 pairs of 𝑅$,"  and 𝑅"  from their distributions for each estimation of the 

effectiveness. We estimated the effect of NPIs and vaccination for every month to 

account for seasonal and other calendar effects. All 9,720 estimations (30 pairs of 𝑅$," 

and 𝑅" × 27 countries × 12 months) were performed using Markov chain Monte Carlo 

(MCMC) methods. Sensitivity analyses were also performed to assess model 

robustness in terms of our assumptions. More details can be found in Methods and SI. 

 

Meta-analysis 

We pooled the national effectiveness across the studied 27 countries to the regional 

effect through meta-analysis with the random-effect model47. The heterogeneity 

between national effectiveness was estimated using Cochran’s Q and 𝐼5 statistics48. We 

used leave-one-out meta-analysis to evaluate the regional results by omitting one 

country at a time, aiming to show the individual result effect on the overall estimate 

derived from the other 26 countries. All calculations were performed using the R meta 

package49. Model validation and more details can be found in SI. 



 

Sensitivity analysis 

There were limited studies50 about the effect of vaccines against the existing variants. 

We assumed that the unknown effects of different vaccines against various variants 

were the same as the corresponding vaccine products against SARS-CoV-2 

transmission. To assess the impact of our assumption on estimating the effectiveness of 

NPIs and vaccination, we additionally designed two scenarios of the values of the 

unknown vaccine effect: i) The same as the corresponding vaccine products against 

Alpha variant virus transmission; ii) The same as the corresponding vaccine products 

against Delta variant virus transmission. More details can be found in SI. 

 

Data and code availability 

All source code and data necessary for the replication of our results and figures are 

available at: https://github.com/wxl1379457192/Vaccine-NPIs-in-Europe 

 

Acknowledgments 

This study was supported by the National Natural Science Foundation for Distinguished 

Young Scholars of China (No. 41725006), the Bill & Melinda Gates Foundation (INV-

024911 and OPP1134076), the National Natural Science Foundation of China 

(81773498). 

 

Author contributions 

YG, WBZ, XLW and SJL conceived and designed the study, built the model, collected 

data, finalised the analysis, interpreted the findings, and wrote the manuscript. YZS and 

MXL collected data. CWR, HYL and JHW interpreted the findings, and revised drafts 



of the manuscript. WY, NWR, EC, SHQ, FA and AJT interpreted the findings, and 

commented on and revised drafts of the manuscript. All authors read and approved the 

final manuscript. 

 

Ethical approval 

Ethical clearance for collecting and using secondary data in this study was granted by 

the institutional review board of the University of Southampton (No. 61865). All data 

were supplied and analysed in an anonymous format, without access to personal 

identifying information.  

 

Competing interests 

The authors declare no competing interests. 

 

Role of the funding source 

The funder of the study had no role in study design, data collection, data analysis, data 

interpretation, or writing of the report. The corresponding authors had full access to all 

the data in the study and had final responsibility for the decision to submit for 

publication. The views expressed in this article are those of the authors and do not 

represent any official policy. 

 

  



Reference 

1. Perra, N., 2021. Non-pharmaceutical interventions during the COVID-19 pandemic: 
A review. Physics Reports. 

2. Lai, S., Ruktanonchai, N.W., Zhou, L., Prosper, O., Luo, W., Floyd, J.R., 
Wesolowski, A., Santillana, M., Zhang, C., Du, X. and Yu, H., 2020. Effect of non-
pharmaceutical interventions to contain COVID-19 in China. nature, 585(7825), 
pp.410-413. 

3. Hsiang, S., Allen, D., Annan-Phan, S., Bell, K., Bolliger, I., Chong, T., 
Druckenmiller, H., Huang, L.Y., Hultgren, A., Krasovich, E. and Lau, P., 2020. The 
effect of large-scale anti-contagion policies on the COVID-19 pandemic. Nature, 
584(7820), pp.262-267. 

4. Ge Y. et al., 2021. Effects of worldwide interventions and vaccination on COVID-
19 between waves and countries. Research Square, https://doi.org/10.21203/rs.3.rs-
396989/v1  

5. Fezzi, C. and Fanghella, V., 2021. Tracking GDP in real-time using electricity 
market data: Insights from the first wave of COVID-19 across Europe. European 
economic review, 139, p.103907. 

6. Diseases, T.L.I., 2020. The intersection of COVID-19 and mental health. The Lancet. 
Infectious Diseases, 20(11), p.1217. 

7. Wilder-Smith, A. and Mulholland, K., 2021. Effectiveness of an Inactivated SARS-
CoV-2 Vaccine. The New England Journal of Medicine, 385(10), 946-948. 

8. Pfizer and BioNTech Conclude Phase 3 Study of COVID-19 Vaccine Candidate, 
Meeting All Primary Efficacy Endpoints | Pfizer [Internet]. [cited 2020 Nov 18]. 
Available from: https://www.pfizer.com/news/press-release/press-release-
detail/pfizer-and-biontech-conclude-phase-3-study-covid-19-vaccine 

9. WORLD HEALTH ORGANIZATION, 7 Vaccines Approved for Use by WHO. 
https://covid19.trackvaccines.org/agency/who/ 

10. Hannah Ritchie, Edouard Mathieu, Lucas Rodés-Guirao, Cameron Appel, 
Charlie Giattino, Esteban Ortiz-Ospina, Joe Hasell, Bobbie Macdonald, Diana 
Beltekian and Max Roser (2020) - "Coronavirus Pandemic (COVID-19)". Published 
online at OurWorldInData.org. Retrieved from: 
https://ourworldindata.org/coronavirus 

11. Hodcroft, E.B., Zuber, M., Nadeau, S., Vaughan, T.G., Crawford, K.H., Althaus, 
C.L., Reichmuth, M.L., Bowen, J.E., Walls, A.C., Corti, D. and Bloom, J.D., 2021. 
Spread of a SARS-CoV-2 variant through Europe in the summer of 2020. Nature, 
595(7869), pp.707-712. 

12. Kupferschmidt, K., 2021. New mutations raise specter of ‘immune escape’. 
Science, 371(6527), pp.329-330. 

13. Atlani-Duault, L., Lina, B., Chauvin, F., Delfraissy, J.F. and Malvy, D., 2021. 
Immune evasion means we need a new COVID-19 social contract. The Lancet 
Public Health, 6(4), pp.e199-e200. 

14. Lopez Bernal J, Andrews N, Gower C, Gallagher E, Simmons R, Thelwall S, et 
al. Effectiveness of Covid-19 vaccines against the B.1.617.2 (Delta) variant. N Engl 
J Med. 2021;385:585–94. 

15. BBC, Covid: How is Europe lifting lockdown restrictions? [accessed 25 June 
2021] https://www.bbc.com/news/explainers-53640249  

16. Contreras, S. and Priesemann, V., 2021. Risking further COVID-19 waves 
despite vaccination. The Lancet Infectious Diseases, 21(6), pp.745-746. 

17. Bauer, S., Contreras, S., Dehning, J., Linden, M., Iftekhar, E., Mohr, S. B., ... & 
Priesemann, V. (2021). Relaxing restrictions at the pace of vaccination increases 



freedom and guards against further COVID-19 waves in Europe. arXiv preprint 
arXiv:2103.06228. 

18. Yang, J., Marziano, V., Deng, X. et al. Despite vaccination, China needs non-
pharmaceutical interventions to prevent widespread outbreaks of COVID-19 in 2021. 
Nat Hum Behav 5, 1009–1020 (2021). https://doi.org/10.1038/s41562-021-01155-z 

19. Giordano, G., Colaneri, M., Di Filippo, A. et al. Modeling vaccination rollouts, 
SARS-CoV-2 variants and the requirement for non-pharmaceutical interventions in 
Italy. Nat Med 27, 993–998 (2021). https://doi.org/10.1038/s41591-021-01334-5 

20. Moore, S., Hill, E.M., Tildesley, M.J., Dyson, L. and Keeling, M.J., 2021. 
Vaccination and non-pharmaceutical interventions for COVID-19: a mathematical 
modelling study. The Lancet Infectious Diseases, 21(6), pp.793-802. 

21. Tartof, S.Y., Slezak, J.M., Fischer, H., Hong, V., Ackerson, B.K., Ranasinghe, 
O.N., Frankland, T.B., Ogun, O.A., Zamparo, J.M., Gray, S. and Valluri, S.R., 2021. 
Effectiveness of mRNA BNT162b2 COVID-19 vaccine up to 6 months in a large 
integrated health system in the USA: a retrospective cohort study. The Lancet. 

22. Ruktanonchai, N.W., Floyd, J.R., Lai, S., Ruktanonchai, C.W., Sadilek, A., 
Rente-Lourenco, P., Ben, X., Carioli, A., Gwinn, J., Steele, J.E. and Prosper, O., 
2020. Assessing the impact of coordinated COVID-19 exit strategies across Europe. 
Science, 369(6510), pp.1465-1470. 

23. Hale, T., Phillips, T., Petherick, A., Kira, B., Angrist, N., Aymar, K., Webster, 
S., Majumdar, S., Hallas, L., Tatlow, H. and Cameron, E., 2020. Risk of openness 
index: When do government responses need to be increased or maintained. Research 
note, University of Oxford and Blavatnik School of Government, September. 

24. Barda, N., Dagan, N., Ben-Shlomo, Y., Kepten, E., Waxman, J., Ohana, R., 
Hernán, M.A., Lipsitch, M., Kohane, I., Netzer, D. and Reis, B.Y., 2021. Safety of 
the BNT162b2 mRNA Covid-19 vaccine in a nationwide setting. New England 
Journal of Medicine. 

25. Dagan, N., Barda, N., Kepten, E., Miron, O., Perchik, S., Katz, M.A., Hernán, 
M.A., Lipsitch, M., Reis, B. and Balicer, R.D., 2021. BNT162b2 mRNA Covid-19 
vaccine in a nationwide mass vaccination setting. New England Journal of Medicine, 
384(15), pp.1412-1423. 

26. Shinde, V., Bhikha, S., Hoosain, Z., Archary, M., Bhorat, Q., Fairlie, L., Lalloo, 
U., Masilela, M.S., Moodley, D., Hanley, S. and Fouche, L., 2021. Efficacy of NVX-
CoV2373 Covid-19 Vaccine against the B. 1.351 Variant. New England Journal of 
Medicine, 384(20), pp.1899-1909. 

27. Soltesz, K., Gustafsson, F., Timpka, T., Jaldén, J., Jidling, C., Heimerson, A., 
Schön, T.B., Spreco, A., Ekberg, J., Dahlström, Ö. and Carlson, F.B., 2020. The 
effect of interventions on COVID-19. Nature, 588(7839), pp.E26-E28. 

28. Yang, B., Huang, A.T., Garcia-Carreras, B., Hart, W.E., Staid, A., Hitchings, 
M.D., Lee, E.C., Howe, C.J., Grantz, K.H., Wesolowksi, A. and Lemaitre, J.C., 2021. 
Effect of specific non-pharmaceutical intervention policies on SARS-CoV-2 
transmission in the counties of the United States. Nature communications, 12(1), 
pp.1-10. 

29. Haug, N., Geyrhofer, L., Londei, A., Dervic, E., Desvars-Larrive, A., Loreto, 
V., Pinior, B., Thurner, S. and Klimek, P., 2020. Ranking the effectiveness of 
worldwide COVID-19 government interventions. Nature human behaviour, 4(12), 
pp.1303-1312. 

30. Brauner, J.M., Mindermann, S., Sharma, M., Johnston, D., Salvatier, J., 
Gavenčiak, T., Stephenson, A.B., Leech, G., Altman, G., Mikulik, V. and Norman, 



A.J., 2021. Inferring the effectiveness of government interventions against COVID-
19. Science, 371(6531). 

31. Petherick, A., Goldszmidt, R., Andrade, E.B., Furst, R., Hale, T., Pott, A. and 
Wood, A., 2021. A worldwide assessment of changes in adherence to COVID-19 
protective behaviours and hypothesized pandemic fatigue. Nature Human Behaviour, 
5(9), pp.1145-1160. 

32. Doroshenko, A., 2021. The Combined Effect of Vaccination and 
Nonpharmaceutical Public Health Interventions—Ending the COVID-19 Pandemic. 
JAMA Network Open, 4(6), pp.e2111675-e2111675. 

33. Figueroa JP, Hotez PJ, Batista C, Ben Amor Y, Ergonul O, Gilbert S, et al. 
(2021) Achieving global equity for COVID-19 vaccines: Stronger international 
partnerships and greater advocacy and solidarity are needed. PLoS Med 18(9): 
e1003772. https://doi.org/10.1371/journal.pmed.1003772 

34. Subramanian, S.V. and Kumar, A., 2021. Increases in COVID-19 are unrelated 
to levels of vaccination across 68 countries and 2947 counties in the United States. 
European journal of epidemiology, pp.1-4. 

35. SCMP, China’s Delta variant outbreak: Covid-19 cases rise again in Fujian 
province ahead of Mid-Autumn Festival. accessed 19 Sep. 2021. 
https://www.scmp.com/news/china/science/article/3149303/chinas-delta-variant-
outbreak-covid-19-cases-rise-again-fujian 

36. Fulop, T., Larbi, A., Witkowski, J.M., McElhaney, J., Loeb, M., Mitnitski, A. 
and Pawelec, G., 2010. Aging, frailty and age-related diseases. Biogerontology, 
11(5), pp.547-563. 

37. He, S., Lee, J., Langworthy, B., Xin, J., James, P., Yang, Y. and Wang, M., 
2021. Delay in the Effect of Restricting Community Mobility on the Spread of 
COVID-19 in the United States. Available at SSRN 3845372. 

38. Xia, W., Li, M., Wang, Y., Kazis, L.E., Berlo, K., Melikechi, N. and Chiklis, 
G.R., 2021. Longitudinal analysis of antibody decay in convalescent COVID-19 
patients. Scientific reports, 11(1), pp.1-9. 

39. Lynne Peeples, 2021, COVID reinfections likely within one or two years, 
models propose. doi: https://doi.org/10.1038/d41586-021-02825-8 

40. Townsend, J.P., Hassler, H.B., Wang, Z., Miura, S., Singh, J., Kumar, S., 
Ruddle, N.H., Galvani, A.P. and Dornburg, A., 2021. The durability of immunity 
against reinfection by SARS-CoV-2: a comparative evolutionary study. The Lancet 
Microbe. 

41. Arroyo-Marioli F, Bullano F, Kucinskas S, Rondón-Moreno C (2021) Tracking 
R of COVID-19: A new real-time estimation using the Kalman filter. PLoS ONE 
16(1): e0244474. https://doi.org/10.1371/journal.pone.0244474 

42. Ma J. Estimating epidemic exponential growth rate and basic reproduction 
number. Infectious Disease Modelling. 2020;5:129–141. 

43. Elbe, S., and Buckland-Merrett, G. (2017) Data, disease and diplomacy: 
GISAID’s innovative contribution to global health. Global Challenges, 1:33-46. 
DOI: 10.1002/gch2.1018PMCID: 31565258 

44. Thomas Hale, Noam Angrist, Rafael Goldszmidt, Beatriz Kira, Anna Petherick, 
Toby Phillips, Samuel Webster, Emily Cameron-Blake, Laura Hallas, Saptarshi 
Majumdar, and Helen Tatlow. (2021). “A global panel database of pandemic 
policies (Oxford COVID-19 Government Response Tracker).” Nature Human 
Behaviour. https://doi.org/10.1038/s41562-021-01079-8 



45. Mathieu, E., Ritchie, H., Ortiz-Ospina, E. et al. A global database of COVID-
19 vaccinations. Nat Hum Behav (2021). https://doi.org/10.1038/s41562-021-
01122-8 

46. Rodell, M., Houser, P., Jambor, U., Gottschalck, J., Mitchell, K., Meng, C.-J., 
Arsenault, K., Cosgrove, B., Radakovich, J., Bosilovich, M., 2004. The global land 
data assimilation system. Bull. Am. Meteorol. Soc. 85, 381-394. 

47. Borenstein, M., Hedges, L. V., Higgins, J. P., & Rothstein, H. R. (2010). A basic 
introduction to fixed-effect and random-effects models for meta-analysis. Research 
synthesis methods, 1(2), 97-111. 

48. Higgins JPT, Altman DG, Gøtzsche PC, et al; Cochrane Bias Methods Group; 
Cochrane Statistical Methods Group. The Cochrane Collaboration’s tool for 
assessing risk of bias in randomised trials. BMJ. 2011;343:d5928. 
doi:10.1136/bmj.d5928 

49. Balduzzi, S., Rücker, G., & Schwarzer, G. (2019). How to perform a meta-
analysis with R: a practical tutorial. Evidence-based mental health, 22(4), 153-160. 

50. Tregoning, J.S., Flight, K.E., Higham, S.L., Wang, Z. and Pierce, B.F., 2021. 
Progress of the COVID-19 vaccine effort: viruses, vaccines and variants versus 
efficacy, effectiveness and escape. Nature Reviews Immunology, pp.1-11. 



Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SupplementaryInformation.docx

https://assets.researchsquare.com/files/rs-1033571/v1/435b0b8b8805d620d020e2d1.docx

