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Abstract

:

Vaccine hesitancy tends to exhibit geographical patterns and is often associated with social deprivation and migrant status. We aimed to estimate COVID-19 vaccination hesitancy in a high-vaccination-acceptance country, Portugal, and determine its association with sociodemographic risk factors. We used the Registry of National Health System Users to determine the eligible population and the Vaccination Registry to determine individuals without COVID-19 vaccine doses. Individuals older than five with no COVID-19 vaccine dose administered by 31 March 2022 were considered hesitant. We calculated hesitancy rates by municipality, gender, and age group for all municipalities in mainland Portugal. We used the spatial statistical scan method to identify spatial clusters and the Besag, Yorke, and Mollié (BYM) model to estimate the effect of age, gender, social deprivation, and migrant proportion across all mainland municipalities. The eligible population was 9,852,283, with 1,212,565 (12%) COVID-19 vaccine-hesitant individuals. We found high-hesitancy spatial clusters in the Lisbon metropolitan area and the country’s southwest. Our model showed that municipalities with higher proportions of migrants are associated with an increased relative risk (RR) of vaccine hesitancy (RR = 8.0; CI 95% 4.6; 14.0). Social deprivation and gender were not associated with vaccine hesitancy rates. We found COVID-19 vaccine hesitancy has a heterogeneous distribution across Portugal and has a strong association with the proportion of migrants per municipality.
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1. Introduction


The COVID-19 pandemic has profoundly impacted societies worldwide, population health, and global economies [1,2,3,4,5,6]. Mass vaccination programs were an essential strategy to tackle the spread of SARS-CoV-2 and reduce severe forms of COVID-19, allowing for total social and economic activity [2,3,5,7,8,9,10]. However, one of the potential threats to this goal was vaccine hesitancy [3,5,9,10,11,12].



Vaccine hesitancy, defined by the Strategic Advisory Group of Experts on Immunization (SAGE) Working Group on Vaccine Hesitancy, means the “delay in acceptance or refusal of vaccination despite the availability of vaccination services. Vaccine hesitancy is complex and context-specific, varying across time, place and vaccines” [13,14]. It encompasses a full spectrum of attitudes and beliefs, ranging from complete acceptance to complete refusal of any vaccine [13,14,15,16,17,18].



The “3 Cs” model (Complacency, Confidence, and Convenience) is commonly used to explain the factors that might influence vaccine hesitancy. Complacency refers to the paradoxical tendency to trivialize the risks of vaccine-preventable diseases precisely because of the success of vaccination campaigns in controlling them. Confidence relates to trust in vaccines, vaccination programs (including health services and professionals), and the authorities and policymakers implementing them. Convenience relates to geographical and physical accessibility, affordability, and the ability to understand and appeal to vaccination campaigns [13,14]. More recently, two new “Cs” have been proposed: “Risk Calculation”, referring to an extensive search for information on vaccination risks and side effects, and “Collective Responsibility”, regarding the importance given to the commitment of individuals to protect their community [19,20].



Another essential tool developed by the SAGE Working Group is the “Vaccine Hesitancy Determinants Matrix”, which classifies vaccine hesitancy determinants into three different groups. Contextual determinants include factors related to social, political, cultural, or economic contexts and environments. Individual and group determinants refer to individuals’ and their social groups’ perceptions of contextual factors. Vaccine- or vaccination-specific determinants deal with factors related directly to the vaccines or vaccination programs [13,14].



During the COVID-19 pandemic, vaccine hesitancy received extra attention. The impact of the pandemic and the characteristics of COVID-19 vaccines—such as their shorter development time and the use of novel antigen carrier methods like mRNA or adenoviruses—may have exacerbated vaccine hesitancy and resistance [1,2,10,11,17].



Portugal, historically, has had an excellent track record of vaccine acceptance and uptake in the population, which translates into a very high vaccination coverage, including in the context of COVID-19 [10,21,22,23,24,25].



However, vulnerable pockets of unvaccinated people might remain since unvaccinated individuals may cluster together [6,10,12,26]. With the plateauing of vaccination uptake rates and the emergence of new variants, it is fundamental to identify, characterize, and monitor clusters of the population that remain hesitant, due to the risk of community transmission remaining active in these groups [3,9,10,12,23,27]. Being a migrant or living in a socially deprived setting has been associated with a lower vaccine uptake because of hesitancy or lack of access [5,9,12,23,26]. This characterization is essential to inform policies and to implement measures aimed at hesitant clusters in order to ensure the immunization of all eligible individuals and achieve lasting control over SARS-CoV-2 transmission [3,5,9,12,23,27,28,29].



Thus, this study aims to estimate the proportion and spatial distribution of COVID-19 vaccine hesitancy in mainland Portuguese municipalities and the effect of age, gender, migrant status, social deprivation, and geographic location.




2. Materials and Methods


2.1. Data Sources and Study Design


We conducted an ecological study using data from multiple databases aggregated at the municipal level in mainland Portugal. We used the single centralized national electronic vaccination registry (VACINAS) used by all healthcare professionals to determine the number of non-vaccinated individuals among those eligible for vaccination on 31 March 2022 per gender and age group (according to COVID-19 vaccination priority age groups) in each of the Portuguese municipalities [30]. The Ministry of Health coordinated COVID-19 vaccination, and vaccination records were paramount to facilitate non-pharmacological interventions. Hence, this record provides excellent national coverage and representativeness [30,31]. The autonomous island regions of the Azores and Madeira were excluded from this study since they use a different health information system, and the data were not easily accessible.



We used the Portuguese adaptation of the European Deprivation Index (EDI-PT) at the municipality level [32]. Additionally, we used publicly available databases from Statistics Portugal (INE) to identify the proportion of migrants per municipality as of 2020 [33,34,35].




2.2. Outcome


We defined a vaccine-hesitant individual as an individual eligible for COVID-19 vaccination with no registry of any COVID-19 vaccine by 31 March 2022. All Portuguese residents are eligible for free vaccination, irrespective of nationality [36] and, by this date, all eligible individuals had had the opportunity to be vaccinated [30,37,38]. We excluded deceased individuals and those younger than five years from our eligible population at the end of the study period.



We evaluated vaccine hesitancy as the proportion of non-vaccinated individuals among eligible individuals registered in the National Registry of National Health System Users (NHS register). Vaccine hesitancy was stratified by gender, age group, and residence municipality.




2.3. Portuguese Version of the European Deprivation Index


The explanatory variable for vaccine hesitancy was social deprivation at the municipality level, as measured using the Portuguese version of the European Deprivation Index (EDI-PT). We used the EDI-PT because it is a compound indicator that includes eight different variables related to social deprivation, making it possible to capture the complexity of the concept. Moreover, it has solid theoretical and statistical foundations and is used at the European level. The EDI-PT is available online and is stratified by municipality, parish, and census block group [32,39,40]. We used the EDI-PT score and quintiles as the association between vaccine hesitancy and deprivation was non-linear at visual inspection (Figure S1).




2.4. Data on Migrants


Individuals considered migrant residents met either one of two criteria: (1) individuals with non-Portuguese nationality and legal authorization of residence; (2) individuals with non-Portuguese nationality that had requested legal authorization of residence. Neither of these two groups includes short-term visas, student or work visas, nor those with an irregular authorization status [33,34].



We calculated the proportion of migrants per municipality by summing the individuals resident in each municipality that met either of the two criteria and dividing them by the total population of the respective municipality, as given by the 2020 population estimates from Statistics Portugal.




2.5. Statistical Analysis


To characterize the study population and its distribution across the different variables, we conducted a descriptive analysis using measures of central tendency and variability for numeric variables and calculated absolute and relative frequencies for categorical variables. We used age group intervals to match the prioritization criteria for the COVID-19 vaccination campaign [30,36].



We used spatial statistical methods to determine the association between vaccine hesitancy and explanatory variables at the municipality level. To model vaccine hesitancy and its determinants, we used a Bayesian hierarchical Poisson model [41] (i.e., Besag, York, and Mollié model, or BYM) to quantify spatial patterns of vaccination hesitancy risk explained by spatial patterns of area-level explanatory variables (i.e., social deprivation, migration, age group, and gender).



2.5.1. Spatial Clusters


To identify and locate spatial clusters of vaccination hesitancy, we applied the SaTScan method [42]. This method assumes a Poisson model for each municipality’s distribution of vaccine hesitancy. It uses a test statistic based on the log–likelihood ratio to detect the existence of significant spatial clusters. The method employs circles of varying radii centered in municipality centroids to scan and identify areas with significantly higher vaccine hesitancy. The null hypothesis test is that the vaccine hesitancy rate inside the scan area equals the rate outside (i.e., constant risk hypothesis). The alternative hypothesis is that the vaccine hesitancy rate inside the scan area is higher than outside.



For the test statistic, we estimated p-values for log–likelihood ratio tests through 999 Monte Carlo simulations and set a p-value < 0.01 to reject the null hypothesis. The most likely cluster area identified was the window with the maximum likelihood. Other clusters with statistically significant log–likelihood ratios were identified as secondary potential clusters. All spatial cluster calculations were performed with the R package SpatialEpi version 1.2.8 [43].




2.5.2. Vaccine Hesitancy Risk Model


We applied the BYM model to map the spatial distribution of relative risks of vaccine hesitancy in Portugal at a municipality level (n = 278) [44,45,46]. The spatial model, built under the Bayesian hierarchical model’s framework, incorporated social and demographic covariates and non-spatial and spatial random components. We applied the model with the assumption that the number of vaccine-hesitant individuals observed in municipality   i   (  i = 1,2 , … , n  ) follows a conditional Poisson distribution with parameter     E   i     θ   i    , where     E   i     is the expected count and     θ   i     is the underlying true relative risk:


    y   i   |   θ   i   ~ P o (   E   i     e     μ   i     )  








with


    μ   i   =   z   i   t   β +   ψ   i    











In the Poisson model,     μ   i     represents the vaccine hesitancy log relative risk in municipality   i  ,     z   i   t   =   ( 1 ,   z   i 1   , … ,     z   i p   )   t     is a vector of intercept and   p   social and demographic covariates with corresponding   β =   (   β   0   ,     β   1   ,   … ,     β   p   )   t     regression parameters, and     ψ   i     represents a random (effects) component, which can be decomposed into a sum of a spatially structured error term     u   i     and an unstructured random error term     v   i     as follows:


    ψ   i   =   u   i   +   v   i    











For the BYM model, the following priors were specified:


     β   j   ∼ N ( 0 ,   σ   2   )      v   i   ∼ N ( 0 ,   σ   v   2   )      u   i   |   u   j , i ≠ j   ∼ N       ∑  j      w   i j     u   j         ∑  j      w   i j       ,     σ   u   2       ∑  j      w   i j              σ   v   2   ∼ l o g G a m m a ( 1 ,   0.01 )      σ   u   2   ∼ l o g G a m m a ( 1 ,   0.005 )   











The spatial weights     w   i j     are provided by a binary adjacency matrix specifying municipalities   i   and   j   are neighbors if they share a common boundary (    w   i j   = 1  ) or not (    w   i j   = 0  ).



We evaluated the importance of covariates to model vaccination hesitancy risk using posterior mean estimates and 95% credible interval (CI) limits computed from separated BYM models fitted with single covariates and spatial and non-spatial random components. For model selection, additional models with different combinations of covariates were specified and compared by computing the deviance information criteria (DIC). We tested two null models with and without spatial components. Adding the spatially structured random effect, the model captures additional variability (spatially structured), reducing the standard deviation of the estimated mean (∆SD = −0.012), and performs slightly better when compared to the model fitted with just an overdispersion parameter (∆DIC = −0.3). The posterior distributions of all parameters and hyperparameters were obtained using the integrated nested Laplace approximations (INLA) method, R package INLA version 22.12.16 [46,47].






3. Results


3.1. Description of the Dataset and Study Population


From the original dataset of all individuals registered in the national registry, we removed all those non-eligible for the study (those less than five years old and those whose municipality of residence was in the Azores, Madeira, or was unknown). The final eligible population comprised 9,852,283 individuals (Figure 1), with 1,212,565 unvaccinated individuals, corresponding to 12% of the eligible population.



The distribution of the study population and vaccine hesitancy by EDI-PT quintile, gender, and age group is described in Table 1.



The number of vaccine-hesitant individuals tends to be higher in higher-deprivation quintiles, with a relative frequency of 10.4% in the lowest- and 15.4% in the highest-deprivation quintile. However, the relation between the proportion of unvaccinated individuals and the EDI-PT score does not seem linear (see Supplementary Material, Figures S1 and S2). Female individuals tend to have lower vaccine hesitancy than males, consistent across deprivation quintiles (Figures S3 and S4).



Younger age groups tend to have higher proportions (Figure S5) and higher frequencies of vaccine hesitancy. The difference between the highest-deprivation quintile and the other quintiles is lower in the older age groups (Table 1). This suggests that in age groups with a higher perceived risk associated with COVID-19, social deprivation may play less of a role in vaccination attitudes. Regarding the proportion of migrants per municipality, the mean shows a marked increase in the highest-deprivation quintile, ranging from 3.3 to 4.2% (2.1–4.9% SD) in the first four quintiles and jumping to 11.8% (13.1% SD) in the fifth (Table 1).



In Figure 2 and Figure 3, we show the geographical superposition of the EDI-PT and the proportion of migrants with vaccine hesitancy by municipality. There is a high prevalence of vaccine hesitancy, social deprivation, and migrants in some regions, namely Lisbon and adjacent municipalities and the country’s southwest region. However, we have some areas of high deprivation, low hesitancy, and low migrants, mainly the NUTS (Nomenclature of Territorial Units for Statistics) III region Tâmega e Sousa.




3.2. Spatial Analysis


3.2.1. SaTScan Analysis


Using the SaTScan method, we show a primary cluster of the vaccine hesitancy variable around the Lisbon and Tagus Valley region, with secondary clusters in the southern (Algarve) and southwest regions (Alentejo Litoral) of Portugal and a few more secondary clusters scattered in the northern and central regions (Figure 4).




3.2.2. Bayesian Inference Model with Integrated Nested Laplace Approximation (INLA)


We used univariate models, one for each explanatory variable: (1) EDI-PT score; (2) EDI-PT quintiles; (3) gender; (4) age groups; (5) proportion of migrants by municipality. Tables with the outputs of the models are available in the Supplementary Material (Tables S1–S10). We also specified a multivariate model (6) considering three explanatory variables. Below, we describe the results for all the models (1–6).



	(1)

	
EDI-PT score







The results for this model show that the estimated mean parameter for EDI-PT score is 0.005 (95% CI −0.007 to 0.017), suggesting that there is no statistically significant effect (Table S1).



	(2)

	
EDI-PT quintiles







The results for this model suggest that an increase in social deprivation, as measured by EDI-PT quintiles, contributes to a significant increase in the risk of vaccine hesitancy. In fact, the parameter associated with vaccine hesitancy in municipalities in the fourth quintile (high deprivation) presents an estimated mean of 0.093 (95% CI 0.006 to 0.180) (Table S2), indicating a significant increased risk of vaccine hesitancy by a factor of 1.0973   (   e   0.093   )   when compared to municipalities in the first quintile (lowest deprivation).



	(3)

	
Gender







To model the effect of gender on vaccine hesitancy, we used the proportion of women as the explanatory variable. The estimated mean parameter associated with the proportion of women was 0.024 (95% CI −0.004 to 0.051), which indicates that this variable shows no statistically significant effect (Table S3).



	(4)

	
Age groups







We specified a univariate model for each age group. For the 5–14-year-old group, the estimated mean parameter is 0.036 (95% CI 0.014 to 0.058) (Table S4), suggesting a significant increased risk of vaccine hesitancy by a factor of 1.0364   (   e   0.036   )  . For the 15–19-year-old group, the results suggest no statistically significant effect (estimated mean parameter was 0.036 with 95% CI −0.005 to 0.076) (Table S5). In the 20–39-year-old group, the estimated mean parameter is 0.023 (95% CI 0.012 to 0.033) (Table S6), suggesting a statistically significant increase in vaccine hesitancy by a factor of 1.023   (   e   0.023   )  . The results are not significant for 40–64-year-olds and 65–79-year-olds (Tables S7 and S8, respectively). Finally, for the model fitted with the age group of 80 years or more, the estimated mean parameter for this group is −0.017 (95% CI −0.028 to −0.006) (Table S9), suggesting a statistically significant reduction in the risk of vaccine hesitancy by a factor of 0.983   (   e   − 0.016   )  , or a 1.66% (expressed as rate,   100 ∗ [   e   − 0.016   − 1 ]  ) reduction in the risk of hesitancy per 1% increase in the proportion of the population in this age group.



	(5)

	
Proportion of migrants







The results for the univariate model using the proportion of migrants as explanatory variable suggest that an increase in the proportion of migrants contributes to a significant increase in the risk of vaccine hesitancy. The parameter associated with this variable presents an estimated mean of 2.243 (95% CI 1.729 to 2.753) (Table S10), indicating a significant increased risk of vaccine hesitancy by a factor of 9.42   (   e   2.243   )  .



	(6)

	
Multivariate model







In the multivariate model, we added age group, EDI-PT quintiles, and the proportion of migrants. We chose the 20–39 age group since it was relevantly impacted by an increased risk of vaccination hesitancy (Figure S12). The covariates of this model were able to explain around 84% of spatial variability in the outcome variable. Table 2 shows an RR of 8.01 (95% CI 4.59 to 14.01) in hesitancy risk for every 1% increase in the proportion of migrants per municipality (Table 2). The specification of the BYM model allowed not only for smoothing, as it captured spatially structured random effects (not considered due to unmeasured risk factors), but also for capturing over-dispersion or extra-variability. Based on this, we consider the use of the BYM model appropriate for this data set. Age group and EDI-PT were not significantly associated with vaccine hesitancy; therefore, their posterior means and 95% CI estimates should not be interpreted.



The spatial representation of the relative risk of vaccine hesitancy in the multivariate model shows again that the southwestern region (Algarve and Alentejo Litoral) is at high risk of vaccine hesitancy (Figure 5).



The map shown in Figure 6 is similar to the map of clusters calculated using SaTScan analysis above (Figure 4) and shows the probabilities of RR being >1. It has a few advantages over the SaTScan cluster map. Namely, it includes probabilities between 0 and 1 (instead of cluster/non-cluster values for SaTScan). It incorporates the covariates included in the multivariate model (whereas SaTScan only includes age-adjusted vaccine hesitancy standardized incidence ratios (SIRs)). This map clearly shows that, once more, in the Lisbon and Tagus Valley region and the southwest, the probability of an RR > 1 approaches 100%, as well as in a few other municipalities scattered across the territory (Figure 6).






4. Discussion


Our study examined a population of 9,852,283 individuals eligible for COVID-19 vaccination in Portugal. Among these individuals, 12% were hesitant to receive the vaccine. We found that vaccine hesitancy was most prevalent in the 5–14 age group, with 39.1% expressing reluctance to be vaccinated. Conversely, the lowest levels of hesitancy were observed among those aged 65–79, with only 5.2% reporting hesitation. Higher-deprivation quintiles tended to have higher vaccine hesitancy rates (10.4% vs. 15.4%). The two methods used to identify clusters (SaTScan and the BYM model) confirmed the existence of hesitancy clusters in the Lisbon area and the southwest regions of Portugal (i.e., Alentejo Litoral and Algarve), and the multivariate model showed an association between the increase in the proportion of migrants per municipality and increased hesitancy, even after adjusting for deprivation, gender, and age (RR 8.01, CI 4.59–14.00). This implies that migrant populations are an essential contributor to vaccine hesitancy rates of a municipality, and this is independent of deprivation level.



In the context of the European Union (EU), Portugal is one of the countries where the COVID-19 vaccination uptake was the highest, with 86.7% of the overall population having completed a primary vaccination scheme, contrasting with 72.9% in the EU overall, as of 30 September 2023 [48].



Compared to previous studies on willingness to be vaccinated in the Portuguese population, this hesitancy followed an important temporal shift: the results of a September 2020 study showed that 25% of Portuguese individuals were unsure or unwilling to be vaccinated against COVID-19 [10] but, by June 2021, only 6.5% refused the vaccine, and only 6.8% were still undecided [27]. These later results align with our overall vaccination hesitancy findings and illustrate the relevance and importance of monitoring vaccine hesitancy before and during a vaccination campaign, since hesitancy may vary over time [5,12].



Several studies and reports have shown lower vaccination rates among migrants and ethnic minorities, both because of higher distrust in health services and authorities or due to inequities in access in terms of language, cultural or socioeconomic barriers, or other problems [5,7,9,17,23,26]. This is especially troubling since COVID-19 disproportionally affects ethnic minorities and vulnerable populations [7,9,26]. A study in the United Kingdom highlighted that patients from ethnic minorities and more deprived areas had higher vaccine decline codes (vaccine hesitancy) [49]. Portugal has a set of policies that make it easy to be a legal resident and hence entitled to all the healthcare benefits provided by the National Health Services (NHS), including vaccination. Moreover, during the COVID-19 vaccination campaign, administrative barriers to vaccination were non-existent for all individuals willing to get vaccinated, including illegal immigrants. As these could be represented in the vaccinated population but not in the assumed eligible population, our study might underestimate vaccination hesitancy among migrant communities. Also, the government implemented, in 2021, some targeted COVID-19 vaccination campaigns for migrant workers but the results of this study suggest that a higher investment in policies explicitly targeted at these communities is fundamental to decreasing vulnerability pockets in the population. Rather than increase stigma over migrant populations, these results should urge policymakers in high-income countries to study and understand the reasons for hesitancy in the migrant population and implement strategies to bridge the hesitancy gap.



Social deprivation and age showed significant associations with hesitancy in the univariate models. However, the results were not significant in the multivariate model because of the proportion of migrants overshadowing them. Nonetheless, our study suggests that higher social deprivation and younger age groups may also contribute to the risk of hesitancy, even if not as strongly, which is also in agreement with other published studies. In fact, younger age is one of the most frequently cited determinants for increased COVID-19 vaccine hesitancy, probably because of lower risk perception among the youth [1,3,5,10,12,23,26,50]. Moreover, we used a loose inclusion criterion for children: children aged between 5 and 12 were only eligible for vaccination in late December 2021 but this eligibility was limited to children who had not been naturally infected with the virus in the previous six months. Therefore, we likely overestimated the number of eligible children and, consequently, vaccine hesitancy in this age group.



Some research has shown that gender is associated with COVID-19 vaccine hesitancy, with men being more likely to be vaccinated, perhaps because of higher risk perception, similar to older age groups [1,3,5,8,10,11,12,50]. Our results showed a tendency is this direction but no significant differences due to gender.



We also give a comprehensive image of the distribution of vaccine hesitancy across the territory, showing that specific regions have clusters of higher proportions of unvaccinated individuals. The number of vaccine-hesitant individuals and their clustering are worrisome for a high-income European country known for its historically high vaccine uptake and acceptance. This illustrates why vaccine hesitancy should be addressed and taken seriously as a public health concern and that relying solely on countrywide uptake rates might prove insufficient, as was described in the previously published literature [10,12,14,16,17,18,23,26,28,29]. The identification of higher prevalence and risk clusters through spatial analysis methodologies should prove helpful in guiding policymakers [6,12,26].



Our study provides some novel insights. To the best of our knowledge, this is one of the first nationwide studies using whole-country data to model COVID-19 vaccine hesitancy with social deprivation and migrant proportion using a spatial approach. We also used data from a nationwide vaccination registry system that records all administered vaccines in a representative and highly accurate manner. Additionally, we provide novel evidence that the proportion of migrants in a municipality is associated with higher hesitancy; given that Portugal had very few barriers to vaccination, hesitancy drivers could be specific to the individual rather than the context.



This study has limitations. First, it is an ecological study using aggregated data, which means its conclusions can only be extrapolated to the unit of observation, in this case, municipalities. We were not able to explore individual characteristics that could provide valuable insight (i.e., previous vaccination); however, ecological information still provides relevant information to policymakers.



Second, including all children 5 years or older is likely to have overestimated hesitancy in this age group but it is unlikely to have affected our conclusions regarding migrant populations.



Third, we cannot exclude potential biases due to not capturing the presence of illegal migrants, which will likely have underestimated vaccine hesitancy. Also, Portuguese citizens who were not residents and had been vaccinated elsewhere might have been considered hesitant because there was no Portuguese vaccination record in the system, despite the Portuguese Electronic Health Records being regularly checked for non-active users, which we eliminated from our analysis, minimizing this bias.



Fourth, the most recent data on the EDI-PT and migrant numbers were from 2020, while this study refers to a period between 2021 and March 2022. This discrepancy could have introduced some bias; however, during the pandemic, migrant flows decreased due to mobility restrictions and the 2020 estimate should still provide a reliable indicator.



Finally, when defining vaccine hesitancy, we used what is, essentially, vaccine uptake as a proxy. However, according to Dubé et al., these two concepts are different [17,18]. Therefore, this study has limitations in reflecting the full spectrum and magnitude of vaccine hesitancy. However, vaccine uptake is a simple measure that provides valuable information about the population level of protection conferred by the vaccine.



We think our study results are generalizable to other European countries. We used aggregated data and showed country-specific clusters, yet this study uncovers a significant finding: the proportion of the migrant population is correlated with higher rates of vaccine hesitancy. This key insight is not only relevant within the specific contexts we studied but also has broader implications that can be generalized to inform policymaking. It suggests that policymakers should prioritize strategies to enhance access to vaccinations and reduce barriers—particularly those stemming from belief systems—that contribute to increased hesitancy. This approach is vital to ensuring effective and inclusive public health interventions.



Future research should address the complex connections associated with vaccine hesitancy, being from a socially deprived area, and being a migrant. Especially, what are the most relevant access or social constructs that determine vaccine-seeking behaviors?




5. Conclusions


COVID-19 vaccine hesitancy has a heterogeneous distribution across the territory of Portugal, with a cluster in the Lisbon area and the southwest (Algarve and Alentejo Litoral). Moreover, our study shows a strong association between a higher migrant proportion per municipality and higher hesitancy, which was independent of deprivation index and age.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/vaccines12020119/s1, Figure S1: Scatterplot between the proportion of unvaccinated individuals and EDI-PT score; Figure S2: Boxplot of the proportion of unvaccinated individuals by EDI-PT level; Figure S3: Boxplot of the proportion of unvaccinated individuals by gender; Figure S4: Boxplot of the proportion of unvaccinated individuals by gender and EDI-PT level; Figure S5: Boxplot of the proportion of unvaccinated individuals by age group; Figure S6: Boxplot of the proportion of unvaccinated individuals by age group and EDI-PT level; Figure S7: Map of the distribution of the proportion of unvaccinated individuals by municipality; Figure S8: Map of the distribution of social deprivation levels (EDI-PT quintiles) by municipality; Figure S9: Map of the distribution of the proportion of migrants by municipality; Figure S10: Map of the distribution of the proportion of unvaccinated individuals by gender and municipality; Figure S11: Map of the distribution of the proportion of unvaccinated individuals by age group and municipality; Table S1: Results of the univariate model with the EDI-PT score; Table S2: Results of the univariate model with EDI-PT quintiles; Table S3: Results of the univariate model with gender (proportion of women); Table S4: Results of the univariate model with the 5–14-year-old age group; Table S5: Results of the univariate model with the 15–19-year-old age group; Table S6: Results of the univariate model with the 20–39-year-old age group; Table S7: Results of the univariate model with the 40–64 year-old age group; Table S8: Results of the univariate model with the 65–79-year-old age group; Table S9: Results of the univariate model with the 80-year-old or more age group; Table S10: Results of the univariate model with the proportion of migrants; Figure S12: Plots showing the posterior marginal distributions of the univariate models; Figure S13: Scatterplot between EDI-PT score and the proportion of migrants, linear method; Figure S14: Scatterplot between EDI-PT score and the proportion of migrants, loess method; Figure S15: Correlation matrix between the proportion of unvaccinated individuals, EDI-PT variables, and proportion of migrants; Table S11: Generalized variance inflation factor (GVIF) calculated on a linear model with the proportion of unvaccinated individuals as the dependent variable and EDI-PT quintiles and the proportion of migrants as the independent variables; Table S12: Generalized variance inflation factor (GVIF) calculated on a generalized linear model with a Poisson distribution with the proportion of unvaccinated individuals as the dependent variable and EDI-PT quintiles and the proportion of migrants as the independent variables.; Table S13: Generalized variance inflation factor (GVIF) calculated on a generalized linear model with a Poisson distribution with the proportion of unvaccinated individuals as the dependent variable and the independent variables used on the multivariate model used in the paper (EDI-PT quintiles, proportion of migrants, and 20–39-year-old age group); Equations from the models included in the paper.





Author Contributions


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




Funding


This work was supported by the Portuguese Science Foundation (FCT) through the project SCOPE—Spatial Data Sciences for COVID-19 Pandemic (Grant DSAIPA/DS/0115/2020). M.R. and L.A. gratefully acknowledge the support of the CERENA (strategic project FCT-UIDB/04028/2020). M.R acknowledges FCT support for the research contract IST-ID/175/2018. This research was also partially supported by FCT grant DSAIPA/AI/0087/2018 to J.G.-S. and by PhD fellowship 2020.10157.BD to S.M.




Institutional Review Board Statement


Ethical review and approval were waived for this study due to all data being provided in an aggregated and anonymized format, without personally identifiable information, meeting Data Protection Regulations and complying with institutional ethics requirements.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Ruiz, J.B.; Bell, R.A. Predictors of Intention to Vaccinate against COVID-19: Results of a Nationwide Survey. Vaccine 2021, 39, 1080–1086. [Google Scholar] [CrossRef]

	



Dubé, E.; MacDonald, N.E. How Can a Global Pandemic Affect Vaccine Hesitancy? Expert Rev. Vaccines 2020, 19, 899–901. [Google Scholar] [CrossRef] [PubMed]

	



Sallam, M. COVID-19 Vaccine Hesitancy Worldwide: A Concise Systematic Review of Vaccine Acceptance Rates. Vaccines 2021, 9, 160. [Google Scholar] [CrossRef] [PubMed]

	



Greer, S.L.; King, E.J.; da Fonseca, E.M.; Peralta-Santos, A. The Comparative Politics of COVID-19: The Need to Understand Government Responses. Glob. Public Health 2020, 15, 1413–1416. [Google Scholar] [CrossRef] [PubMed]

	



Pires, C. Global Predictors of COVID-19 Vaccine Hesitancy: A Systematic Review. Vaccines 2022, 10, 1349. [Google Scholar] [CrossRef] [PubMed]

	



Jafar, A.; Mapa, M.T.; Sakke, N.; Dollah, R.; Joko, E.P.; Atang, C.; Ahmad, S.A.; Hung, C.V.; Geogre, F. Vaccine Hesitancy in East Malaysia (Sabah): A Survey of the National COVID-19 Immunisation Programme. Geospat. Health 2022, 17. [Google Scholar] [CrossRef] [PubMed]

	



Razai, M.S.; Osama, T.; McKechnie, D.G.J.; Majeed, A. Covid-19 Vaccine Hesitancy among Ethnic Minority Groups. BMJ 2021, 372, n513. [Google Scholar] [CrossRef]

	



Solís Arce, J.S.; Warren, S.S.; Meriggi, N.F.; Scacco, A.; McMurry, N.; Voors, M.; Syunyaev, G.; Malik, A.A.; Aboutajdine, S.; Adeojo, O.; et al. COVID-19 Vaccine Acceptance and Hesitancy in Low- and Middle-Income Countries. Nat. Med. 2021, 27, 1385–1394. [Google Scholar] [CrossRef]

	



Omer, S.B.; Benjamin, R.M.; Brewer, N.T.; Buttenheim, A.M.; Callaghan, T.; Caplan, A.; Carpiano, R.M.; Clinton, C.; DiResta, R.; Elharake, J.A.; et al. Promoting COVID-19 Vaccine Acceptance: Recommendations from the Lancet Commission on Vaccine Refusal, Acceptance, and Demand in the USA. Lancet 2021, 398, 2186–2192. [Google Scholar] [CrossRef]

	



Neumann-Böhme, S.; Varghese, N.E.; Sabat, I.; Barros, P.P.; Brouwer, W.; van Exel, J.; Schreyögg, J.; Stargardt, T. Once We Have It, Will We Use It? A European Survey on Willingness to Be Vaccinated against COVID-19. Eur. J. Health Econ. 2020, 21, 977–982. [Google Scholar] [CrossRef]

	



Dror, A.A.; Eisenbach, N.; Taiber, S.; Morozov, N.G.; Mizrachi, M.; Zigron, A.; Srouji, S.; Sela, E. Vaccine Hesitancy: The next Challenge in the Fight against COVID-19. Eur. J. Epidemiol. 2020, 35, 775–779. [Google Scholar] [CrossRef] [PubMed]

	



Gual-Gonzalez, L.; McCarter, M.S.J.; Dye-Braumuller, K.; Self, S.; Ross, C.H.; Rodriguez-Ramos, C.; Daguise, V.G.; Nolan, M.S. Determinants of COVID-19 Vaccinations among a State-Wide Year-Long Surveillance Initiative in a Conservative Southern State. Vaccines 2022, 10, 412. [Google Scholar] [CrossRef] [PubMed]

	



MacDonald, N.E. SAGE Working Group on Vaccine Hesitancy Vaccine Hesitancy: Definition, Scope and Determinants. Vaccine 2015, 33, 4161–4164. [Google Scholar] [CrossRef] [PubMed]

	



SAGE Working Group on Vaccine Hesitancy. Report of the SAGE Working Group on Vaccine Hesitancy; World Health Organization: Geneva, Switzerland, 2014; p. 64. [Google Scholar]

	



Dubé, E.; Gagnon, D.; Nickels, E.; Jeram, S.; Schuster, M. Mapping Vaccine Hesitancy--Country-Specific Characteristics of a Global Phenomenon. Vaccine 2014, 32, 6649–6654. [Google Scholar] [CrossRef]

	



Larson, H.J.; Jarrett, C.; Eckersberger, E.; Smith, D.M.D.; Paterson, P. Understanding Vaccine Hesitancy around Vaccines and Vaccination from a Global Perspective: A Systematic Review of Published Literature, 2007–2012. Vaccine 2014, 32, 2150–2159. [Google Scholar] [CrossRef]

	



Dubé, È.; Ward, J.K.; Verger, P.; MacDonald, N.E. Vaccine Hesitancy, Acceptance, and Anti-Vaccination: Trends and Future Prospects for Public Health. Annu. Rev. Public Health 2021, 42, 175–191. [Google Scholar] [CrossRef] [PubMed]

	



Dubé, E.; Vivion, M.; MacDonald, N.E. Vaccine Hesitancy, Vaccine Refusal and the Anti-Vaccine Movement: Influence, Impact and Implications. Expert Rev. Vaccines 2015, 14, 99–117. [Google Scholar] [CrossRef] [PubMed]

	



Betsch, C.; Schmid, P.; Heinemeier, D.; Korn, L.; Holtmann, C.; Böhm, R. Beyond Confidence: Development of a Measure Assessing the 5C Psychological Antecedents of Vaccination. PLoS ONE 2018, 13, e0208601. [Google Scholar] [CrossRef]

	



Machingaidze, S.; Wiysonge, C.S. Understanding COVID-19 Vaccine Hesitancy. Nat. Med. 2021, 27, 1338–1339. [Google Scholar] [CrossRef]

	



Europeans’ Attitudes towards Vaccination; Special Eurobarometer; European Commission: Brussels, Belgium, 2019.

	



Boletim Do Programa Nacional de Vacinação 2021; Direção-Geral da Saúde: Lisbon, Portugal, 2021.

	



Overview of the Implementation of COVID-19 Vaccination Strategies and Deployment Plans in the EU/EEA; European Centre for Disease Prevention and Control: Stockholm, Sweden, 2021.

	



State of the European Union Survey 2021; Flash Eurobarometer; European Parliament: Strasbourg, France, 2021.

	



Relatórios de Vacinação COVID-19. Available online: https://covid19.min-saude.pt/relatorio-vacinacao/ (accessed on 3 December 2021).

	



Meltzer, G.Y.; Harris, J.; Hefner, M.; Lanternier, P.; Gershon, R.R.M.; Vlahov, D.; Merdjanoff, A.A. Associations Between COVID-19 Vaccine Hesitancy and Socio-Spatial Factors in NYC Transit Workers 50 Years and Older. Int. J. Aging Hum. Dev. 2023, 96, 76–90. [Google Scholar] [CrossRef]

	



Barómetro COVID-19—Hesitação na Vacinação em Portugal. Available online: https://barometro-covid-19.ensp.unl.pt/hesitacao-na-vacinacao-em-portugal/ (accessed on 26 November 2021).

	



Lane, S.; MacDonald, N.E.; Marti, M.; Dumolard, L. Vaccine Hesitancy around the Globe: Analysis of Three Years of WHO/UNICEF Joint Reporting Form Data-2015–2017. Vaccine 2018, 36, 3861–3867. [Google Scholar] [CrossRef] [PubMed]

	



Salmon, D.A.; Dudley, M.Z.; Glanz, J.M.; Omer, S.B. Vaccine Hesitancy: Causes, Consequences, and a Call to Action. Vaccine 2015, 33 (Suppl. S4), D66–D71. [Google Scholar] [CrossRef] [PubMed]

	



Direção-Geral da Saúde Norma 002/2021—Campanha de Vacinação Contra a COVID-19 2022. Available online: https://www.dgs.pt/normas-orientacoes-e-informacoes/normas-e-circulares-normativas/norma-n-0022021-de-30012021-pdf.aspx (accessed on 29 February 2022).

	



Portaria n.° 248/2017, de 4 de Agosto; Ministério da Saúde: Lisboa, Portugal, 2017; pp. 4502–4506.

	



Ribeiro, A.I.; Launay, L.; Guillaume, E.; Launoy, G.; Barros, H. Portuguese Version of the European Deprivation Index (Version 2011). 2020. Available online: https://figshare.com/articles/Portuguese_version_of_the_European_Deprivation_Index_version_2011_/7188554 (accessed on 6 December 2021).

	



População Estrangeira Com Estatuto Legal de Residente (N.°) Por Local de Residência (NUTS—2013), Sexo e Nacionalidade (Grupos de Países); Anual. Available online: https://www.ine.pt/xportal/xmain?xpid=INE&xpgid=ine_indicadores&indOcorrCod=0009107&contexto=bd&selTab=tab2 (accessed on 15 January 2022).

	



População Estrangeira Que Solicitou Estatuto de Residente (N.°) Por Local de Residência (NUTS—2013), Sexo e Nacionalidade (Grupos de Países); Anual. Available online: https://www.ine.pt/xportal/xmain?xpid=INE&xpgid=ine_indicadores&indOcorrCod=0009108&contexto=bd&selTab=tab2 (accessed on 15 January 2022).

	



População Residente Por Local de Residência, Sexo e Grupo Etário. 2020. Available online: https://www.ine.pt/xportal/xmain?xpid=INE&xpgid=ine_indicadores&indOcorrCod=0008273&contexto=bd&selTab=tab2 (accessed on 5 March 2022).

	



Direção-Geral da Saúde Plano de Vacinação COVID-19; Direção-Geral da Saúde: Lisbon, Portugal, 2020.

	



COVID-19: Divulgadas Datas para a Vacinação de Crianças a Partir dos 5 Anos. Available online: https://eportugal.gov.pt/pt/noticias/covid-19-divulgadas-datas-para-a-vacinacao-de-criancas-a-partir-dos-5-anos (accessed on 10 August 2022).

	



Vacinação das Crianças Entre 5 e 11 Anos Decorre de 18 de Dezembro a 13 de Março. Available online: https://www.portugal.gov.pt/pt/gc22/comunicacao/noticia?i=vacinacao-das-criancas-entre-5-e-11-anos-decorre-de-18-de-dezembro-a-13-de-marco (accessed on 10 August 2022).

	



Ribeiro, A.I.; Mayer, A.; Miranda, A.; De Pina, M.d.F. The Portuguese Version of the European Deprivation Index: An Instrument to Study Health Inequalities. Acta Médica Port. 2017, 30, 17. [Google Scholar] [CrossRef] [PubMed]

	



Ribeiro, A.I.; Launay, L.; Guillaume, E.; Launoy, G.; Barros, H. The Portuguese Version of the European Deprivation Index: Development and Association with All-Cause Mortality. PLoS ONE 2018, 13, e0208320. [Google Scholar] [CrossRef] [PubMed]

	



Besag, J.; York, J.; Mollié, A. Bayesian Image Restoration, with Two Applications in Spatial Statistics. Ann. Inst. Stat. Math. 1991, 43, 1–20. [Google Scholar] [CrossRef]

	



Kulldorff, M.; Nagarwalla, N. Spatial Disease Clusters: Detection and Inference. Stat. Med. 1995, 14, 799–810. [Google Scholar] [CrossRef]

	



Chen, C.; Kim, A.Y.; Ross, M.; Wakefield, J.; Moise, M. SpatialEpi: Methods and Data for Spatial Epidemiology, version 1.2.8; CRAN: Vienna, Austria, 2021. [Google Scholar]

	



Fong, Y.; Rue, H.; Wakefield, J. Bayesian Inference for Generalized Linear Mixed Models. Biostat. Oxf. Engl. 2010, 11, 397–412. [Google Scholar] [CrossRef]

	



Zuur, A.F.; Ieno, E.N.; Saveliev, A.A. Beginner’s Guide to Spatial, Temporal, and Spatial-Temporal Ecological Data Analysis with R-INLA; Beginner’s Guide Book Series; Highland Statistics Ltd.: Newburgh, UK, 2017; ISBN 978-0-9571741-9-1. [Google Scholar]

	



Bakka, H.; Rue, H.; Fuglstad, G.-A.; Riebler, A.; Bolin, D.; Illian, J.; Krainski, E.; Simpson, D.; Lindgren, F. Spatial Modeling with R-INLA: A Review. WIREs Comput. Stat. 2018, 10, e1443. [Google Scholar] [CrossRef]

	



Rue, H.; Martino, S.; Chopin, N. Approximate Bayesian Inference for Latent Gaussian Models by Using Integrated Nested Laplace Approximations. J. R. Stat. Soc. Ser. B Stat. Methodol. 2009, 71, 319–392. [Google Scholar] [CrossRef]

	



Mathieu, E.; Ritchie, H.; Rodés-Guirao, L.; Appel, C.; Giattino, C.; Hasell, J.; Macdonald, B.; Dattani, S.; Beltekian, D.; Ortiz-Ospina, E.; et al. Coronavirus Pandemic (COVID-19)—Share of People Vaccinated against COVID-19. Our World Data. 2020. Available online: https://ourworldindata.org/covid-vaccinations (accessed on 19 October 2023).

	



Curtis, H.J.; Inglesby, P.; MacKenna, B.; Croker, R.; Hulme, W.J.; Rentsch, C.T.; Bhaskaran, K.; Mathur, R.; Morton, C.E.; Bacon, S.C.; et al. Recording of ’COVID-19 Vaccine Declined‘: A Cohort Study on 57.9 Million National Health Service Patients’ Records in Situ Using OpenSAFELY, England, 8 December 2020 to 25 May 2021. Eurosurveillance 2022, 27, 2100885. [Google Scholar] [CrossRef]

	



Soares, P.; Rocha, J.V.; Moniz, M.; Gama, A.; Laires, P.A.; Pedro, A.R.; Dias, S.; Leite, A.; Nunes, C. Factors Associated with COVID-19 Vaccine Hesitancy. Vaccines 2021, 9, 300. [Google Scholar] [CrossRef] [PubMed]








[image: Vaccines 12 00119 g001] 





Figure 1. Flowchart of the selection process of the study population. 
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Figure 2. Map of the distribution of the propor