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Abstract

This article models the relationship between the incidence of COVID-19 and several socio-
economic factors during the second period of epidemic (22 June 2020 to 06 December 
2020) in the Autonomous Community of Madrid, Spain. Data collected from Basic Health 
Zones (BHZs) is adjusted using the random forest method, which proves very appropriate 
for capturing non-linear relationships and obtaining accurate and robust predictions. The 
results show that the impact of the examined socio-economic variables on rates of incidence 
of COVID-19 was not uniform, and that levels of mean income by neighborhood exerted 
stronger influence than population density, proportion of the Spanish population, mean 
age of the population or average household size. A complex spatial pattern emerges from 
the combination of impacts, reflecting the relative weights of the different factors in terms 
of intensity of the pandemic. This information may be considered strategic for the effective 
future management of health resources.
Keywords: COVID-19; economic factors; socio-demographic factors; random forest 
method; Autonomous Community of Madrid
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Resum. Desigualtats espacials de la incidència de la COVID-19 en relació amb factors 
econòmics i sociodemogràfics a la Comunitat Autònoma de Madrid (Espanya)

En aquest article es modela la relació entre la incidència de la COVID-19 i diversos factors 
socioeconòmics durant el segon període epidèmic (22/06/2020 – 06/12/2020) a la Comu-
nitat de Madrid (Espanya). Les dades obtingudes a zones bàsiques de salut (ZBS) s’ajusten 
mitjançant el mètode del bosc aleatori, molt apropiat per capturar relacions no lineals i obtenir 
prediccions més precises i robustes. Els resultats mostren que l’impacte de les variables socio-
econòmiques en les taxes d’incidència de la COVID-19 no és uniforme i que la renda té una 
influència més forta que la densitat de població, la proporció de població espanyola, l’edat 
mitjana de la població i la mida mitjana de les llars. De la combinació dels impactes emergeix 
un patró espacial complex que reflecteix el pes relatiu dels diferents factors en la intensitat de 
la pandèmia. Aquesta informació és estratègica per a la gestió eficaç dels recursos sanitaris.
Paraules clau: COVID-19; factors econòmics; factors sociodemogràfics; bosc aleatori; 
Comunitat Autònoma de Madrid

Resumen. Desigualdades espaciales de la incidencia de la COVID-19 en relación con factores 
económicos y sociodemográficos en la Comunidad Autónoma de Madrid (España)

En este artículo se modela la relación entre la incidencia de la COVID-19 y varios factores 
socioeconómicos durante el segundo período epidémico (22/06/2020 – 06/12/2020) en 
la Comunidad de Madrid (España). Los datos tomados en zonas básicas de salud (ZBS) se 
ajustan mediante el método del bosque aleatorio, muy apropiado para capturar relaciones 
no lineales y obtener predicciones más precisas y robustas. Los resultados muestran que el 
impacto de las variables socioeconómicas en las tasas de incidencia de la COVID-19 no es 
uniforme y que la renta media tiene una influencia más fuerte que la densidad de población, 
la proporción de población española, la edad media de la población y el tamaño medio 
de los hogares. De la combinación de los impactos emerge un patrón espacial complejo 
que refleja el peso relativo de los diferentes factores en la intensidad de la pandemia. Esta 
información es estratégica para la gestión eficaz de los recursos sanitarios.
Palabras clave: COVID-19; factores económicos; factores sociodemográficos; bosque alea-
torio; Comunidad Autónoma de Madrid

Résumé. Inégalités spatiales de l’incidence de la COVID-19 en rapport avec les facteurs 
économiques et sociodémographiques dans la Communauté Autonome de Madrid (Espagne)

Dans cet article, nous modélisons la relation entre l’incidence de la COVID-19 et plusieurs 
facteurs socio-économiques au cours de la deuxième période épidémique (22/06/2020 au 
06/12/2020) dans la Communauté de Madrid, Espagne. Les données recueillies dans les 
zones de santé de base (ZSB) sont ajustées à l’aide de la méthode des forêts aléatoires, qui 
est très appropriée pour capturer les relations non linéaires et obtenir des prédictions plus 
précises et plus robustes. Les résultats montrent que l’impact des variables socio-écono-
miques sur les taux d’incidence de la COVID-19 n’est pas uniforme et que le revenu a une 
influence plus forte que la densité de population, la proportion de la population espagnole, 
l’âge moyen de la population et la taille moyenne des ménages. Un schéma spatial complexe 
émerge de la combinaison des impacts, reflétant le poids relatif des différents facteurs dans 
l’intensité de la pandémie. Ces informations sont stratégiques pour une gestion efficace 
des ressources sanitaires.
Mots-clés : COVID-19 ; facteurs économiques ; facteurs sociodémographiques ; forêts aléa-
toires ; Communauté Autonome de Madrid
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1. Introduction

Considerable inequalities observed in the incidence of COVID-19 (between 
individuals, social groups or proximate versus distant spaces) have led resear-
chers to wonder at their possible causes. Studies have identified certain factors 
that can condition incidence, both in individuals and in populations, making 
it possible to model the spatio-temporal dynamics of the pandemic. Most 
research has focused on the relationship between one or more factors and the 
epidemiological situation prevalent in a specific place and time. The units of 
analysis (thematic, spatial, temporal) and the techniques employed in these stu-
dies have varied greatly. The explanatory variables most frequently used have 
measured some particular property of the target population’s health status and/
or the degree of socio-economic vulnerability of individuals or populations, or 
the environmental and urban conditions of the territory, or varying degrees of 
human mobility, or other cultural and ethnographic aspects.

This paper aims to contribute to greater understanding of the ways in 
which certain socioeconomic and geographical factors may have been related 
to the degree of incidence of the pandemic, taking two critical aspects of this 
relationship into account. First, it must be recognized that these factors do 
not operate independently but instead intersect and interact – for example, 
income levels are correlated with other variables, such as age (Mena et al., 
2021) – and this association makes it difficult to estimate the impact of each 
factor separately (De Cos et al., 2022; Kolak et al., 2020; Maza and Hierro, 
2021). Second, due to the interaction between factors, the influence of each 
on the incidence (and diffusion) of COVID-19 can vary across space and time. 
While the most common techniques used for analysis assume that these factors 
are constant (spatial stationarity), such an assumption may in fact limit the 
identification of spatial patterns of incidence. Tokey (2021) points out that 
studies on COVID-19 have not devoted attention to the effects of spatial sta-
tionarity, and Tchicaya et al. (2021) state that methods which consider spatial 
stationarity produce patterns distinct from those that do not. 

To achieve the stated goals, determinations have been made about the data, 
methods and study area. To measure the incidence of the pandemic, public 
data have been collected on the number of cases diagnosed, separated by Basic 
Health Zones (BHZs). The five selected socio-economic and geographic varia-
bles have been made discrete, at various levels. For each level of each variable, 
the incidence of COVID-19 has been calculated from 10 March 2020 to 22 
March 2022. From this analysis, it was found that the period between 22 June 
2020 and 06 December 2020 – corresponding to the second wave or period of 
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epidemic (SPE) (Instituto de Salud Carlos III, 2021) – is most appropriate for 
studying possible non-random associations between incidence of the pandemic 
and the explanatory factors considered. During that phase, and prior to the 
launch of vaccination campaigns, the pandemic had considerable impact, as 
non-pharmacological measures (mobility restrictions, distancing, use of masks) 
did not prevent notable inequalities in infection rates according to income 
levels. To model non-stationary spatial variability, a machine-learning method 
known as the random forest (RF) algorithm has been employed, with regres-
sions carried out between incidence of the pandemic and the selected factors. 
Finally, a typology of combinations of impact values for the tested variables on 
the incidence rates of each BHZ was developed. The area of study is the Auto-
nomous Community of Madrid (Spain), which features great territorial and 
social diversity, generating multiple patterns of influence of the variables on 
the incidence rates1 of COVID-19, which were very high, especially in 2020. 

The remainder of the article is organized as follows: The next section pre-
sents an overview of prior approaches to research on this topic and related 
results. Section three describes the data and methodological procedures emplo-
yed here, along with general characteristics of the area of study. The fourth 
section presents the results obtained and their interpretation, followed by a 
proposal for future lines of research.

2. Bibliographic review 

Studies of diverse factors determining the incidence of COVID-19 are nume-
rous and have employed different units of analysis (spatial, thematic, temporal) 
and geographical scopes. Here we mention only the results of research deemed 
relevant to the objectives of this study.

One key aspect of research around the pandemic is the choice of model 
variables. Those most frequently used to measure the incidence of pandemic 
have been the number of confirmed positive cases, and the estimated mortality 
from COVID-19 (Franch-Pardo et al., 2020, 2021). This is mainly due to the 
reliability of available data. To measure socio-economic dimensions, the most 
commonly used indicators are those of income level or those (both simple and 
compound) representing the socio-economic status of persons, households or 
the specific spatial units under study. The age variable is represented by the 
mean age of the population in each spatial unit, or else grouped into intervals 
according to the objectives of a given work. Geographical and environmental 
conditions are often expressed by population density and by mean temperatu-
re, among other variables. Due to this diversity of variables, indicators, tech-
niques and units of analysis, precise comparisons between different locations 
are difficult to draw.

1. The expression ‘incidence rate’ has been maintained out of fidelity to the data source, although 
strictly speaking, the value used to measure incidence is a ratio between the number of cases 
diagnosed with COVID-19 and the total population of each Basic Health Zone.
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Many of the works consulted have included multiple socio-economic, 
demographic or environmental variables in their models in order to analyze 
joint effects on the incidence and spread of the pandemic. A negative asso-
ciation between wealth and the incidence of COVID-19 has been verified 
in many studies, at scales ranging from the national (Almendra et al., 2021; 
Benita and Gasca-Sanchez, 2021; Florida and Mellander, 2022; Gaynor and 
Wilson, 2020; Karaye and Horney, 2020; Raymundo et al., 2021) to the 
sub-national (Tepe, 2023) to the local, in cities and metropolitan areas of 
diverse economic base and located in both emerging countries (Cestari et al., 
2021; Hierro and Maza, 2023; Maza and Hierro, 2021; You et al., 2020) and 
advanced economies (Amdaoud et al., 2020; Cordes and Castro, 2020). Several 
studies with a focus on Spain have verified this relationship at the metropolitan 
scale (Amengual-Moreno et al., 2020; Arauzo-Carod et al., 2021; Baena-Díez 
et al., 2020; González Pérez and Piñeira Mantiñán, 2020; Hierro and Maza, 
2023; López-Gay et al., 2022; Ruiz-Pérez et al., 2023).

Although greater socio-economic vulnerability has been shown to have 
increased the incidence of COVID-19, the relationship between these two 
variables changes across time and space as mediated by the age structure of the 
population, the urban form and population density, and the relative extent of 
public health systems, among other factors. Thus in some cases a direct rela-
tionship between wealth and incidence has been detected – that is, where the 
highest incidence rates are associated with the highest income groups, especia-
lly in urban areas (De Mattos et al., 2020; Schellekens and Sourrouille, 2020).

 The age of a population has been found to have influenced incidence as 
well as mortality. Reports from the Carlos III Health Institute (a Spanish Public 
Health and Research Institute located in Madrid) show that the incidence and 
lethality of the pandemic in Spain was higher in groups aged over 50 years old, 
but also that increases were fluctuating rather than linear (Instituto de Salud 
Carlos III (ISCIII), 2021). This relationship was elsewhere corroborated at an 
urban scale (Romero Starke et al., 2021; Santesmasses et al., 2020; Sasson, 2021). 
In addition to reasons intrinsic to age, unequal incidence and spatial patterns of 
spread between age strata have been attributed to differences in lifestyles, social 
relationships and mobility (Marí-Dell’Olmo et al., 2021). Household size has 
also been determined as relating positively to both increased vulnerability to 
COVID-19 and the speed of spread (De Cos et al., 2022; Sigler et al., 2020).

Another group of studies has investigated the relationship between COVID-
19 and certain urban, environmental and mobility aspects. Population density 
has long been considered a health risk factor in contagious disease, given its 
relationship to physical distancing between people. The results reveal that the 
influence of density (and other factors) depends on local conditions as well as 
on general context. In some cases, high density is thought to have had a nega-
tive impact on the incidence of pandemic while favoring its spread (De Cos et 
al., 2022; Niu et al., 2020); in other cases, density was found to have scarcely 
affected the incidence and spread of COVID-19 (Hamidi et al., 2020), even 
constituting a possible advantage for controlling spread (Kling, 2020).



S. Escolano-Utrilla; Spatial disparities in incidence of COVID-19 in relation to economic and 
A. Roca-Medina; D. Barrado-Timón   socio-demographic factors in the Autonomous Community of Madrid, Spain

360 Documents d’Anàlisi Geogràfica 2024, vol. 70/3

Finally, to model the relationship between those variables that express the 
incidence of COVID-19 and those related to socio-economic, environmental 
and territorial aspects, regression methods have been preferred. In addition to 
ordinary linear regression, quantile regression or other types of regression, the 
use of geographically weighted regression (GWR) and of techniques addres-

Table 1. Methods, variables, areas and units of selected studies on the factors of COVID-19 
incidence

Method/Variables
Study area; spatial units; 
variable considered Publication

Correlation and regression analysis; prin-
cipal component analysis. Dependent 
variables: positive cases, mortality. Inde-
pendent variables: twelve socio-economic 
variables (place-based factors) and three 
variables relating to diffusion factors

Sweden; all municipalities and 
neighborhoods of three cities 
(neighborhoods); positive cases 
and mortality from COVID-19

Florida and Mellander 
(2022)

Epidemic models; calculation of excess 
mortality; correlations between socio-eco-
nomic status, excess mortality and tests 
performed

Santiago (Chile); municipalities; 
positive cases, estimated mor-
tality and tests performed and 
estimated

Mena et al. (2021)

Least squares regression (OLS); spatial 
autoregression (SAR), conditional autore-
gressive model (CAR) and multiscale geo-
graphically weighted regression (MGWR) 
model

Brazil; municipalities; positive 
cases

Raymundo et al. 
(2021). 

Multiscale geographically weighted 
regression (MGWR) model

U.S.; county; positive cases Mollalo et al. (2020)

Multiple quantile regression analysis Rio de Janeiro (Brazil); districts 
(neighborhoods); accumulated 
cases

De Mattos et al. 
(2020)

Moran’s global index I; cluster space via 
kernel (Kulldorff); descriptive statistics, 
correlation

New York (U.S.); ZIP code;  
positive cases and number of 
tests

Cordes and Castro 
(2020)

Least squares regression (OLS); spatial 
autoregression (SAR), General Spatial 
Model (GSM); Moran’s global index I

Florida; (U.S.); ZIP codes;  
confirmed COVID-19 cases

Tepe (2023)

Structural equation modeling to measure 
the direct and indirect impacts of density 
on COVID-19 incidence and mortality

U.S.; metropolitan counties Hamidi et al. (2020)

Linear regression and random forests 
regression between positive cases 
(dependent variable) and climate vari-
ables, social distance and population, 
area and shape of counties (explanatory 
variables)

U.S.; counties Zhang et al. (2022)

Source: Own elaboration.
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sing spatial and temporal dependence, such as autocorrelation, is also quite 
common. This group of local regression techniques explains the variability of 
incidence of the pandemic more adequately than ordinary linear regression 
(Mollalo et al., 2020). Only one of the works reviewed employed machine-
learning methods – specifically random forest regression (Zhang et al., 2022) 
– to study transmission of the pandemic. The present analyses (see Table 1) 
have mainly been undertaken using Geographic Information Systems programs 
(Franch-Pardo et al., 2021).

3. Materials and methods

3.1. Presentation of the area of study 
The Autonomous Community of Madrid presents a case of great interest to 
this research, due to several particularities. First, it is the largest metropolitan 
area in Spain and the second-largest in the European Union (after Paris) in 
both total population and GDP (Eurostat, 2023). At the same time, since the 
end of the 20th century, Madrid has been experiencing a gradual process of 
socio-spatial segregation that, although not unique in Europe, stands out in 
comparative studies in terms of severity (Musterd et al., 2017; Sorando and 
Leal, 2019). Among the main problems in this region are access to housing 
and health services, and social exclusion. Arroyo-Menéndez et al. (2022) have 
further noted a significant digital divide (although this study covers only the 
municipality of Madrid, and not the Autonomous Community as a whole).

At the same time, the impact of the pandemic in the Community of 
Madrid was among the most severe in Europe, particularly during 2020. The 
World Health Organization (WHO) placed the Community of Madrid in 
the 95th percentile of regions with the highest cumulative rate of incidence 
for 2020, and in the 85th percentile for 2021. In addition, mortality was very 
high, comparable to that of other communities in the European Union such 
as Castilla-La Mancha, Catalonia and Milan (Konstantinoudis et al., 2022; 
Rodríguez‐Pose and Burlina, 2021). On the other hand, a study by Wang 
et al. (2022) estimating excess mortality around the world found that the 
Community of Madrid was not as badly affected as other regions in the world.

Management of the pandemic both politically and in health-care terms has 
also been a topic of debate. The government of the Community of Madrid 
argued for an open policy while the national government took a more cautious 
position; the media echoed this dichotomy, especially with regard to perimeter 
lockdowns. Such measures, which had already been applied by municipalities 
in other Autonomous Communities in Spain such as Catalonia, were based on 
three criteria: a cumulative incidence rate (CIR) above an established threshold 
(which ranged from 400 to 1,000 cases per 100,000 inhabitants); a stable or 
increasing trend in the CIR; and geographic contiguity. Nevertheless, accor-
ding to a study by Fontán-Vela et al. (2021) the impact of these restrictions 
proved quite limited. 



S. Escolano-Utrilla; Spatial disparities in incidence of COVID-19 in relation to economic and 
A. Roca-Medina; D. Barrado-Timón   socio-demographic factors in the Autonomous Community of Madrid, Spain

362 Documents d’Anàlisi Geogràfica 2024, vol. 70/3

At the time of study, the Community of Madrid had a population of 
6,750,336, of whom almost half (3,280,782) resided within the municipality  
of Madrid. The remaining population was distributed mainly in proximate metro-
politan rings on the margins of the main highways (A1 to A6): to the north, in 
Alcobendas, San Sebastián de los Reyes, Colmenar and Tres Cantos; to the east, 
in Coslada, San Fernando de Henares, Torrejón de Ardoz, and Alcalá de Henares; 
and to the south, in Móstoles, Leganés, Getafe, Fuenlabrada, and Parla (Figure 1).

3.2. Data and analytical procedures
This study models the relationship between the incidence of COVID-19 and 
five independent socio-demographic and geographic variables. The dataset 

Figure 1. Distribution of population in the Community of Madrid (inhabitants/hectare) and 
BHZ (2021)

Source: IECM, Population data by buildings, based on the 2021 register. Own elaboration.



Spatial disparities in incidence of COVID-19 in relation to economic and S. Escolano-Utrilla; 
socio-demographic factors in the Autonomous Community of Madrid, Spain A. Roca-Medina; D. Barrado-Timón

Documents d’Anàlisi Geogràfica 2024, vol. 70/3 363

used is the one that offers the highest spatial and temporal resolution, and 
which is also openly available and supported by an official body. This dataset 
contains cases reported by Basic Health Zones (BHZs) – the unit of analysis – 
subsequently reviewed and adjusted, based on health records. The incidence 
of COVID-19 is expressed in the number of diagnosed cases over periods of 
14 days, aggregated in BHZs (Comunidad de Madrid, n.d.). This two-week-
period approach modulates the daily variance of the disease and allows analysis 
of more stable aspects (Hierro and Maza, 2023) – which is the objective of 
this study.

To analyze the factors that influenced the incidence of COVID-19, five 
explanatory variables represent distinct dimensions that determine health – the 
social and environmental conditions under which a population lives and that 
influence its state of health (Artiga and Hinto, 2018). The biological variable 
is the average age of the population (in years), which, according to results from 
other studies, is expected to be positively related to incidence of the pande-
mic. The socio-economic variables are: the average net income per person and 
year (log; euros), reflecting the levels of wealth and economic stability and 
negatively associated with incidence of COVID-19; the proportion of the popu-
lation that is Spanish (immigration), an indicator of social environment also 
negatively related to incidence; and the average size of household, an indicator 
of demographic structure that is positively associated with incidence. The geo-
graphical variable is population density (inhabitants/hectare), which measures 
the degree of agglomeration of the built space. The data for all variables derive 
from the Household Income Distribution Atlas (National Institute of Statis-
tics, n.d.) and refer to 01 January 2020 and to census sections.

These variables were selected due to their significant relationship with 
incidence of the pandemic as well as availability of data, whether original or 
calculated, at BHZ resolution (Table 2). The maximum correlation between 
the variables is r = 0.52, observed between income and the proportion of the 
population that is Spanish. 

The variables population under 18 years of age and population over 65 years of 
age have been excluded from the model due to their strong correlation with the 
average age of the population and proportion of single-parent households, as well as 

Table 2. Parameters of the distributions of the variables

Variable Average Minimum Maximum
Standard 
deviation

Population 2020 23,706 2,699 66,281 10,175
Population density (hab./ha) 139 0.1 568 137
Income 2020 14,887 7,173 30,694 4,643
Average age (years) 43 32 50 3
Household (persons) 3 2 3 0.3
Spanish population (%) 86 63 96 6
Source: Own elaboration.



S. Escolano-Utrilla; Spatial disparities in incidence of COVID-19 in relation to economic and 
A. Roca-Medina; D. Barrado-Timón   socio-demographic factors in the Autonomous Community of Madrid, Spain

364 Documents d’Anàlisi Geogràfica 2024, vol. 70/3

their high correlation with the average size of household. Likewise, variables on 
land-coverage type (derived from Corine Land Cover and the Spanish Land 
Occupation Information System, or SIOSE) and building density have been 
excluded due to their weak relationship with the incidence rates of COVID-19 
(Barros-Guerton and Ezquiaga-Domínguez, 2023). 

The following transformations and analytical procedures have been applied 
to this basic information:

First, the rate of incidence of COVID-19 in the second period of epidemic 
(SPE) in each BHZ has been estimated using the spatial empirical Bayesian 
smoothing technique (Anselin, 2020) to reduce the instability of variance 
of the raw rates. The procedure combines spatial smoothing with Bayesian 
estimation. 

The Bayesian empirical estimate (ESB) of the values of a priori distribution 
is obtained from the actual data. The smoothed rate is expressed as a weighted 
mean of the gross rate (r) and the a priori estimate (θ) (Anselin, 2020; Souris, 
2019: 108). The risk estimates for a location i is expressed as:

πi
EB =wiri + (1−wi) θ; wi = σ2 / (σ2 + μ/Pi)

where Pi is the base or at-risk population of area i, and μ and σ are the mean 
and variance. The value μ is the general mean rate of the area of study:

 ,
where Oi represents the observed cases of area i and Pi is the base population 
of area i. The variance is estimated as follows:

Spatial smoothing replaces the overall reference rate with specific rates cal-
culated for each individual observation around a spatial window. The reference 
mean for each location i is calculated as follows:

where wij are spatial weights (0, 1), wij = 1, Oj: values observed in j
To estimate the variance, the above equation is used, but with rates and 

populations replaced by their local equivalents.
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where ki is the number of neighboring locations i. In this analysis, a ‘neigh-
borhood’ has been delimited by means of the spatial contiguity criterion by 
borders and vertices (‘queen contiguity’), so that a BHZ neighboring the target 
area identified by this method receives a weight of 1, and if not, of 0.

Afterwards, the weighted mean values of the socio-economic variables in 
the BHZ were calculated and the variables categorized according to natural 
intervals (for which the mean rates were calculated). The values for levels 
of income (measured in euros/person/year) were classified into five groups: 
up to 10,000; from 10,001 to 15,000; from 15,001 to 20,000; from 20,001 
to 25,000; and more than 25,000. These income values were restated in 
logarithms to normalize their distribution. Also grouped into four intervals 
were: the population densities in inhabitants per hectare (less than 100, 
between 100 and 200, between 200 and 300, and more than 300); the 
mean age of the population (under 35 years of age, from 35 to 40, from 40 
to 45, and over 45); and the proportion of Spanish population (less than 
70%, between 70 and 80%, between 80 and 90%, and more than 90%). 
The variable for average household size was categorized into three levels: 
fewer than two people, between two and three people, and more than three 
people. 

Finally, the relationship between the incidence rates (dependent variable) 
and the socio-economic variables was modeled using the random forest (RF) 
regression method, a relatively robust technique that reduces the overfit pro-
duced by correlation between variables. This method demands fewer require-
ments from the data than ordinary regression (Breiman, 2001) and has greater 
capacity to detect the complex and non-linear interactions of COVID-19 with 
environmental variables (Molnar, 2019; Zhang et al., 2022). The RF model 
has been applied in two versions: 

— Model 1, with five predictor variables: mean net income per person and year 
(in euros), population density (inhabitants/hectare), proportion of Spanish 
population, mean age of population, and average household size. 

— Model 2, with three predictor variables (the first three variables used in 
Model 1).

The sensitivity analysis was carried out with decision trees without cuts to 
their growth and with selection of the number of variables in each partition of 
√p (p: number of attributes). As Figure 2 shows, from 100 trees upwards, the 
value of the R2 coefficient is very stable in both models, as is the mean square 
error (MSE), which remains constant at 0.006. In this analysis, the rates of 
incidence were estimated with 150 trees and five variables.

SHAP values (SHapley Additive exPlanations) are a cooperative game-
theory-based technique used to increase the transparency and interpretability 
of machine-learning models. SHAP values measure the impact of each varia-
ble on the model’s predictions, both globally and locally. In this research, we 
use SHAP values to estimate the influence of each variable on the estimated 



S. Escolano-Utrilla; Spatial disparities in incidence of COVID-19 in relation to economic and 
A. Roca-Medina; D. Barrado-Timón   socio-demographic factors in the Autonomous Community of Madrid, Spain

366 Documents d’Anàlisi Geogràfica 2024, vol. 70/3

rates of COVID-19 in each BHZ. The SHAP values and their distribution 
permit the identification of the most relevant variables as well as the direc-
tion of their effect, both in the regression model as a whole and in each BHZ 
(Molnar, 2019). The SHAP values of each variable in each BHZ have been 
grouped using a hierarchical clustering procedure to identify sets of BHZs 
whose rates of incidence are explained by similar combinations of SHAP 
values.

The rates of incidence have been calculated with the Geoda program (Anse-
lin, 2021); the regression model has been carried out with the Orange program 
(Demsar et al., 2013) The cartography has been prepared with the ArcGISPro 
(ESRI) program.

This study encountered limitations relating to the characteristics of the 
original data and its aggregation into spatial units. On one hand, the spatial 
resolution (Basic Health Zones) and temporal resolution (cumulative cases 
in 14-day periods during the Public Health Emergency) employed do not 
allow for an appreciation of the potential relationship between the incidence 
of COVID-19 and the average age and household size, a relationship that has 
been observed in other locations. Furthermore, the aggregation process results 
in the original information gathered from discrete and mobile individuals 
being transformed into static and continuous data within each spatial unit. 
This process reduces variability but also has advantages, such as the possibility 
of calculating per capita indices (rates) and densities. On the other hand, the 
variables included in the model explain close to 70% of the variation in inci-
dence, and this value could increase if information were available that related 
living conditions and routines with modes of transmission of the pandemic 
(overcrowding, activities, others).

Figure 2. Variability in response explained by the explanatory variables

Sources: Community of Madrid (n.d.). INE (n.d.). Own elaboration.
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4. Results

4.1.  Significant inequalities in rates of incidence between groups for each 
variable in the second period of epidemic

During the second period of epidemic (SPE) of COVID-19, significant diffe-
rences were observed in the rates of incidence between the groups defined by 
each variable analyzed. In contrast, in other periods of the pandemic, the rates 
were similar between different groups.

In the case of income, during the SPE the rates of incidence were signifi-
cantly higher for the lowest income group. Differences are also found at the 
start of the fifth 14-day period and at the peak of the sixth, but not during 
other phases (Figure 3). The variables proportion of Spanish population, popu-
lation density and mean age of the population all show a similar pattern and no 
significant differences outside the SPE. In the variable household size, those 
households with fewer than two people were found to have higher rates than 
the others during the fifth period of epidemic.

As a general feature, it should be noted that the number of positive cases 
and the mean rates of incidence of COVID-19 were not higher in the SPE 
than in other epidemic periods (except the fourth), but that differences in 
rates between levels of the variables (especially income) are more pronounced.

4.2.  Neighborhood mean income as the main explanatory variable  
for the variation in rates of incidence 

The applied regression model includes five predictor variables of the rates of 
incidence during the SPE. The explanatory capacity of each predictor variable 
has been estimated by adding their (absolute) SHAP values.

Figure 3. Diagnosed cases of COVID-19 and rates of incidence by 14-day periods and by 
income groups in the Community of Madrid (March 2020 to March 2022)

R: income; k: thousands of euros; colors: epidemic periods

Sources: Community of Madrid (n.d.). INE (n.d.). Own elaboration.
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During the SPE, the highest rates of incidence (between 6,000 and 9,000 
confirmed cases per 100,000 inhabitants) were located in a strip to the south 
of the city of Madrid between the M30 and M40 beltways on both sides of 
the N4 highway (in San Diego, San Cristóbal, Pozo del Tío Raimundo, Peña 
Prieta). The next highest values were scattered throughout the Autonomous 
Community (in Parla, parts of Alcorcón, Alcobendas, Torrejón de Ardoz). The 
next group of high rates (between 5,000 and 6,000 cases) were located in the 
northern triangle (Montejo de la Sierra, Buitrago de Lozoya, Navacerrada) and 
in various zones in the south of the Community (San Martín de Valdeiglesias, 
Pelayos de la Presa, Villa del Prado, Pinto, Torrejón de la Calzada, Chinchón, 
Colmenar de Oreja, Fuentidueña del Tajo). The average rates and lowest rates 
(fewer than 3,000 confirmed cases per 100,000 inhabitants) formed various 
groupings, the largest of which was in the southeast of the Community of 
Madrid (between San Lorenzo del Escorial, Navas del Rey and Navalcarnero) 
(Figure 4a).

The results show that variation in mean income is the main explanatory 
variable for the values representing the rate of incidence, followed at great 
distance by population density, the proportion of Spanish population, and (with 
considerably less weight) the mean age of the population and average size of 
household (Table 1).

Figure 4. a) left: accumulated incidence rates in the SPE by Basic Health Zones (per 100,000 
inhabitants); b) right: estimated incidence rates in the SPE by Basic Health Zones (per 100,000 
inhabitants)

Sources: Community of Madrid (n.d.). INE (n.d.). Own elaboration.
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As mentioned, the correlation between the observed and estimated rates is 
very high (R2 = 0.94) while the standard error of the estimate is low (0.003100, 
or 310 per 100,000 inhabitants) and its distribution is normal. The standard 
error of the estimated rates tends to be larger when the rates are further from 
the mean, meaning that the predictions are less accurate for BHZs with extre-
me rates of incidence, whether due to underestimation or overestimation. In 
contrast, predictions are more accurate for a BHZ with incidence rates close to 
the mean (Figure 5, left). This result surpasses that obtained by other methods, 
such as multiple linear regression or spatial regression (Figure 5, right), as in 
the study by Zhang et al. (2022).

4.3. The unequal contribution of variables to rates of incidence in BHZs
The SHAP values measure the influence of each variable on the estimated rates 
of incidence of COVID-19 in each BHZ. Positive SHAP values mean that 
the variable increases rates of incidence, while negative SHAP values indicate 
a reduction in rates.

Figure 6 shows the distribution of the SHAP values for each explanatory 
variable; variables are ordered from highest to lowest contribution to the pre-
diction, and the horizontal axis represents the variation of the SHAP values in 
each BHZ. The BHZs are symbolized by points colored according to the value 

Table 3. Most significant variables of the RF model
Predictor variable SHAP values (absolute)
Mean net income per person per year (€) 0.89
Population density (inhabitants/hectare) 0.40
Proportion of Spanish population 0.34
Mean age of the population 0.14
Average household size 0.10
Sources: Community of Madrid (n.d.). INE (n.d.). Own elaboration.

Figure 5. Correlation between the observed rates of incidence and those estimated by the 
random forest (RF) method (left) and by spatial regression (LAG) (right)

Sources: Community of Madrid (n.d.). INE (n.d.). Own elaboration.
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of the variable. Income proves to be the variable that most influenced rates of 
incidence, but in unequal ways, depending on the level of increase or decrease: 
that is, BHZs with low income levels (such as Martínez de la Riva, San Diego, 
Pozo del Tío Raimundo, San Cristóbal and Entrevías) showed much higher 
rates of incidence than others, while BHZs with high incomes had slightly 
lower rates of incidence (similar to one another, as indicated by the clustering 
of red dots). Population density had a smaller effect than income level, and is 
symmetrically distributed around the value SHAP=0 (neutral influence): high 
densities increased rates of incidence while low densities reduced them with 
the same intensity. The proportion of Spanish population had a positive impact 
on the rates of some BHZs (Peña Prieta, Las Calesas and Martínez de la Riva). 
The mean age of the population had a limited, ambivalent influence on rates of 
incidence, with high and low values showing both positive and negative effects. 
Finally, the size of household showed scant relevance in the predictions, with 
very small influence on the BHZs.

The five maps in Figure 7 represent the impacts of each variable on the 
BHZs (with SHAP values multiplied by 1,000 to facilitate visualization). The 
variables for income and population density here present more defined spatial 
patterns than the others. The strongest impacts by neighborhood mean income 
on the increase in rates of incidence corresponded to several zones concentrated 
between the M30 and M40 beltways to the south of the city of Madrid (Abran-
tes, Entrevías, Alcocer) as well as a few located to the south of the Community 
of Madrid (Villa del Prado, Humanes, San Blas, Las Américas, Colmenar de 
Oreja). The zones in which higher incomes contributed to reductions in rates 
of incidence are near the center (most of the BHZs inside the M30 beltway: 
Pozuelo de Alarcón, Las Rozas, La Moraleja), to the north-northeast of the city 

Figure 6. Impacts of the predictor variables on the rates of incidence of COVID-19 in the 
BHZs (SHAP values x 1,000

Sources: Community of Madrid (n.d.). INE (n.d.). Own elaboration.
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Figure 7. Location of the impact of the predictor variables on incidence rates of COVID-19 in 
the Basic Health Zones (SHAP values x 1000)

Sources: Community of Madrid (n.d.). INE (n.d.). Own elaboration.
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(Alameda de Osuna), and scattered throughout the Community (Soto del Real, 
El Escorial, Virgen del Val). The spatial pattern of impact according to density 
on the rates of incidence of COVID-19 shows a clear center/periphery con-
figuration: the greatest increases in rates of incidence caused by density were 
located in the center of the city of Madrid; these rates decreased towards the 
city outskirts, to the point of changing their sign of influence. Other variables 
influencing the rates of incidence show a less regular, more dispersed spatial 
distribution, except the mean age of the population, which reveals a certain 
grouping of areas with similar impacts in the north, center and southeast of 
the Community.

4.4. Typologies of the combined impact of variables on rates of incidence 
SHAP values are combined differently in each BHZ. Figure 8 represents the 
combination of each BHZ by means of a column on the x-axis, while the y-axis 
symbolizes the stacked contribution of each variable to the rate estimation: 
values that increase the prediction (rates of incidence) are in red; values that 
decrease it are in blue; red and blue and their lighter degrees indicate variable 
income. The group on the right stands out, with values of the variables that 
increase their incidence rates of COVID-19.

To identify BHZs exhibiting similar structures of SHAP values, we used 
a hierarchical method of grouping that produced six groups (distinct sets of 
BHZs whose rates of incidence are explained by similar combinations of SHAP 
values). The spatial pattern presents a center/periphery configuration with 
three differentiated zones: a) a nucleus at the center of the city of Madrid, 
where rates of incidence (whether high or low) depend mainly on income 
levels; b) a mosaic of groupings around that nucleus and following transport 
corridors, where rates of incidence are explained by combinations of variables; 
and c) an outer extreme where the most relevant explanatory variable is popu-
lation density (Figure 9).

Figure 8. Structure of SHAP values in the BHZs, ordered according to the similarity of factors 
that explain their rates of incidence (x-axis)

Red: push prediction probabilities towards 1; blue: push probabilities against the prediction 

Sources: Community of Madrid (n.d.). INE (n.d.). Own elaboration.
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— Group 1. In this group of BHZs, the factors that contributed to raised rates 
of incidence were a lower proportion of Spaniards in a population, a lower 
level of income, and a high population density. These are found around 
the center of the city of Madrid (Campamento, Lucero, Los Ángeles, Ale-
gría) as well as scattered through other areas (Collado Villalba Estación; 
Alcobendas V Centenario).

— Group 2. The BHZs in this group showed the strongest increase in rates of 
incidence associated with low income levels, while a low proportion of Spa-
nish population and high population density operated in the same direc-
tion. These zones are concentrated between the M30 and M40 beltways 
south of the city of Madrid (Fuenlabrada, Parla).

Figure 9. Typology of the combined impacts of the variables on rates of incidence

Sources: Community of Madrid (n.d.). INE (n.d.). Own elaboration.
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— Group 3. In contrast to the previous groups, this group was distinguished 
by the negative impact of mean neighborhood income on rates of inci-
dence (stronger than in the other groups). The BHZs of this group form 
a compact area in the center of Madrid extending to the northwest (along 
the A-6 axis) (Aravaca, Majadahonda, Las Rozas) and scattered elsewhere 
(Colmenar Viejo Norte, El Soto).

— Group 4. This group includes BHZs in which all the variables showed 
a mild influence on rates of incidence, with mean neighborhood income 
slightly negative and mean age slightly positive. These are grouped in sec-
tors on the outskirts of Madrid in the vicinity of the M50 (Boadilla del 
Monte, Miguel Servet, Parque Oeste, Butarque, Ensanche-Vallecas, Val-
derribas) and along the Henares corridor (Meco, Miguel de Cervantes).

— Group 5. In these BHZs, neighborhood mean income exerted a moderately 
negative impact on rates of incidence, while the other variables showed 
minimal influence. These are found in diverse clusters on the northern and 
northeastern periphery of the city of Madrid (Barajas, Mar Báltico, Mira-
sierra, Fuentelarreina, Peñagrande) as well as to the southwest (Alcorcón, 
Leganés, Móstoles).

— Group 6. This group consists of BHZs in which density exerted the most 
prominent negative effect on rates of incidence, while other variables 
showed no significant effects. These occupy most of the Autonomous 
Community, forming a border around the city of Madrid, along with a 
BHZ at the extreme north (Buitrago de Lozoya). 

5. Discussion and conclusions

This paper examines the relationship between rates of incidence of COVID-
19 and several socio-economic variables in the Autonomous Community of 
Madrid. It has been found that income levels and other variables were sig-
nificantly associated with variations in rates of incidence during the second 
period of epidemic (SPE); this association was not detected in the other periods 
considered.

One possible cause for the differentiated behavior observed during the 
SPE may have been the scarcity of testing conducted during the previous 
(first) wave of the pandemic, as tests were at that time reserved for the most 
serious cases and at-risk populations. In June 2020, in a seroprevalence study 
by the Carlos III Health Institute, it was found that over 10% of the popu-
lation of the overall Autonomous Community of Madrid showed signs of 
having suffered a COVID-19 infection (ISCIII, 2020); at the same time, the 
official number of positive tests according to the Community of Madrid was 
close to 70,000 (≈1% of the population). This coincides with the results of 
Florida et al. (2021), in which no association was found between the level  
of income by district and the incidence of COVID-19 on 10 June 2020 
in the city of Madrid, unlike in other cities analyzed, such as New York. 
However, this situation changed during the second period of the epidemic 
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(from 22 June 2020 to 06 December 2020), following the state of emer-
gency, when a negative correlation was observed between income and the 
incidence of COVID-19.

In addition, the general lockdown of the population may have masked 
differences in incidence of COVID-19 between social groups according to 
income levels or other factors. In the stages following the SPE, vaccinations 
and seroprevalence testing for a large portion of the population were able to 
modify the conditions of spread and reduce the impact of socio-economic fac-
tors (Salmon et al., 2021). It has further been found that the factors affecting 
the spread of the pandemic were subject to changes in significance, even within 
a single phase of epidemic (Maza and Hierro, 2021).

The results obtained here generally coincide with those of other studies, 
but they also reveal new aspects of the non-uniformity of the effect of socio-
economic factors on the incidence of COVID-19 during the SPE. 

On the one hand, this study confirms income as having been the factor with 
the greatest influence on incidence of the pandemic, followed by population 
density and the proportion of Spanish population. During the SPE, the pandemic 
affected the lowest-income areas of the Community of Madrid most, as it did 
in other territories (see Section 2. Bibliographic review, above). Nevertheless, 
inequalities between income levels were not as marked and persistent as in 
other, more segregated, metropolitan areas such as Santiago, Chile (Mena 
et al., 2021). In line with the results of studies by De Cos et al. (2022) and 
Niu et al. (2020), it is further observed that the incidence of COVID-19 was 
lower in BHZs with low population density, probably because greater distances 
between people reduces the risk of infection, as demonstrated in other stud-
ies mentioned in the bibliography. In the particular case of the Community 
of Madrid, low density is linked to lower economic/work and leisure activity 
(particularly around cultural activities and hospitality), which contributes to 
this mitigating effect. Likewise, a negative relationship is found between areas 
with a lower percentage of Spanish population – used as an indicator of for-
eign immigration – and incidence of the disease, and this might be ascribed 
to cultural differences in living habits and forms of socialization (Hierro and 
Maza, 2023). Finally, the model shows that the mean age of the population 
and the average size of household had insignificant effects on our predictions, 
being appreciable only in a few BHZs; moreover, the direction of this effect 
is less than clear, varying across BHZs with higher or lower average ages and 
household sizes. 

Our analysis further reveals that not only did those factors under study 
carry differing weights in terms of incidence, but also that their impacts were 
not uniform, thus generating a complex spatial pattern. It was found that 
income had unequal influence on incidence of the disease: while low-inco-
me areas showed the highest rates of incidence, rates were not significantly 
reduced in high-income BHZs. This suggests that, once infection begins in 
an area, high incomes do not contain the spread, but rather low incomes 
exacerbate it. The distinct living conditions and routines relating to income 
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levels (such as overcrowding, working conditions and mobility) can explain 
these differences. Population density is the most determining factor in limi-
ting the incidence of the disease, and so in BHZs with low densities, rates 
were reduced more intensely than in high-income areas, but high densities 
drove rises in incidence to a lesser degree than low incomes. The effect of 
the proportion of the Spanish population was reflected mainly in the rise in 
incidence of COVID-19 in certain BHZs with the highest percentages of 
immigrant populations.

Between September 2020 and May 2021, the Community of Madrid 
applied selective measures of perimeter lockdown by BHZ (and in some cases 
by municipality) to frustrate the spread of COVID-19. According to multiple 
studies, those measures had no effect on control of the pandemic (De Miguel 
Arribas et al., 2023; García-García et al., 2022; Fontán-Vela et al., 2021); the 
less pronounced inequalities in incidence observed throughout the Community 
of Madrid might be explained by high seroprevalence, the public health system, 
and generalized non-pharmacological measures (restriction of capacity and acti-
vities, use of masks, follow-up of positive cases, etc.). It should be noted that 
in other territories such as Santiago de Chile, perimeter lockdowns did indeed 
have positive effects on pandemic control, depending on the circumstances of 
application (Li et al., 2022).

Additionally, the various factors examined were found to have been related 
to one another, generating a complex territorial configuration. The (positive or 
negative) effects of income in certain BHZs were more or less intense depen-
ding on the state of other factors. For example, when the proportion of the 
Spanish population was greater than 90%, the effect of income on the decrease 
in incidence was negligible, but when that percentage was less than 70%, the 
incidence decreased significantly with an increase in income.

Taken together, our results reveal that the pandemic had a greater impact 
in areas with lower incomes and higher population densities; and yet the 
results also reveal a non-uniformity of influence. High income is found to 
have reduced incidence, but not as much as low density or a low proportion of 
non-Spanish populations. Therefore, it can be said that measures for control 
of future epidemics should focus on the most vulnerable as well as the most 
population-dense areas.

Until now, the random forest regression method has not been widely 
used to model the incidence of COVID-19 and its relationship with other 
factors. Indeed, we have found no other research that applies this method to 
the study of territories in Spain. The present study shows that this method 
can offer more accurate predictions than the usual approaches, including 
those that consider spatial autocorrelation. Moreover, this method allows 
evaluation of the direction and impact of different variables in each particu-
lar location; Therefore, we believe it advisable that more studies be under-
taken that apply this method, in order to further explore the relationships 
between socio-economic and environmental factors and the incidence of 
COVID-19.
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