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Abstract
Background  To face the second wave of COVID-19, Italy implemented a tiered restriction system with different 
limitation levels (yellow = medium; orange = medium-high, red = high) at the beginning of November 2020. The 
restrictions systematically reduced the transmission of SARS-CoV-2 with increasing strength for increasing tier. 
However, it is unknown whether the effect of limitations was equal between provinces with different socioeconomic 
levels. Therefore, we investigated the association between the province’s socioeconomic level and SARS-CoV-2 
infection daily reproduction number in each restriction level.

Methods  We measured the province’s socioeconomic level as the percentage of individuals whose 2019 total yearly 
income was lower than 10,000€, using the measure as a proxy of economic disadvantage. We estimated the daily 
reproduction number (Rt) at the province level using the SARS-CoV-2 daily incidence data from November 2020 to 
May 2021. We then used multilevel linear regression models with random intercepts stratified by restriction level 
to estimate the association between economic disadvantage and Rt. We also adjusted the analyses for potential 
confounders of the association between the province’s economic disadvantage and the Rt: the percentage of people 
with 0–5 years, the quartiles of population density, and the geographical repartition.

Results  Overall, we found increasing Rt in yellow (+ 0.004 p < 0.01, from Rt = 0.99 to 1.08 in three weeks) and 
containing effects for the orange (-0.005 p < 0.01, from Rt = 1.03 to 0.93) and the red tier (-0.014 p < 0.01, from Rt = 1.05 
to 0.76). More economically disadvantaged provinces had higher Rt levels in every tier, although non-significantly 
in the yellow level (yellow = 0.001 p = 0.19; orange = 0.002 p = 0.02; red = 0.004 p < 0.01). The results showed that 
the association between economic disadvantage and Rt differed by level of restriction. The number of days into 
the restriction and the economic disadvantage had statistically significant interactions in every adjusted model. 
Compared to better off, more economically disadvantaged provinces had slower increasing trends in yellow and 
steeper Rt reductions in orange, but they showed slower Rt reductions in the highest tier.
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Background
It is well known that socioeconomic level is associated 
with health outcomes [1, 2]. The SARS-CoV-2 pandemic 
is no exception, as it exacerbated pre-existent socioeco-
nomic inequalities regarding finances and basic needs [3, 
4]. Moreover, evidence from the first wave showed asso-
ciations between socioeconomic level and the spread of 
the virus in the US [5–7], Europe [8–10], and Italy [11, 
12]. Furthermore, lockdown and other measures to pre-
vent the spread of SARS-CoV-2 had a different impact on 
mobility depending on individual and contextual socio-
economic levels, showing lower compliance to stay-at-
home orders by poorer neighborhoods [13–15].

After one of the longest lockdowns worldwide, Italy 
gradually lifted all restrictions during the summer of 
2020, when only an indoor mask mandate was in place 
[16]. In November 2020, when facing the second wave, 
Italy implemented a three-tier restriction system based 
on a pandemic threat assessed at the regional level (sec-
ond level of the European Nomenclature of Territorial 
Units for Statistics, NUTS-2). This system defined the 
pandemic threat and the restrictions combining three 
levels of risk based on 21 indicators and four transmission 
levels [17]. The pandemic threat could be either “moder-
ate” (yellow; default level), “elevated” (orange; high risk 
and medium-high transmission), or “maximum” (red; 
high risk and transmission), where each level had a set of 
increasing restrictions and was named according to the 
color scheme. Specifically, in the yellow tier, the limita-
tions were: mandatory face masks indoors and outdoors, 
halved public transport capacity, distance learning in 
high schools and universities, closure of shopping malls 
on weekends and holidays, closure of some indoor activi-
ties like cinemas, exhibitions, museums and gyms, stop 
to service in bars and restaurants at 18:00, and a curfew 
between 22:00–5:00. The additional restrictions in the 
orange tier were the stop to travels between municipali-
ties and regions and the suspension to all non-delivery 
food-service activities. Last, the red level had a complete 
lockdown where only essential workers were allowed to 
move, and only primary schools kept their in-presence 
everyday activities. In mid-January 2021, the pandemic 
threat assessment procedure was updated introducing a 
threshold of 50 weekly cases per 100.000 into the evalua-
tion. This revision allowed the implementation of higher 
restrictions in regions with high incidence but a medium 
level of risk or low transmission [18]. In the same period, 
the system added a new lowest level of restrictions: when 

regions reached the so-called “low” pandemic threat 
(white, low risk, low transmission, and low incidence), 
only a mask mandate indoors was in place. A more in-
depth description of all tiers can be found elsewhere 
[18–21].

This restriction system has been shown to systemati-
cally reduce mobility between and within regions when 
higher tiers were implemented [19, 20]. Moreover, a 
study on the nine most populated Italian regions showed 
stronger reductions in transmissibility with increasing 
tiers [21]. However, it is unknown whether these effects 
were equal among provinces characterized by different 
levels of economic disadvantage. It is well known that 
adherence to stay-at-home orders implemented during 
the SARS-CoV-2 pandemic differs among socioeconomic 
groups [13–15, 22, 23]. However, whether this remains 
true for less strict mandates remains an open question.

Our main goal was to investigate the association 
between the province’s economic disadvantage and 
SARS-CoV-2 spread by the level of restriction.

Methods
Study design and setting
We conducted an ecological study at the province level, 
corresponding to the NUTS-3 regions. Due to the timing 
of the restrictions’ implementation (beginning of Novem-
ber 2020) and a disruptive change in the pandemic threat 
assessment procedure in mid-May 2021, we analyzed the 
second pandemic wave. Specifically, the period from Sat 
6 Nov 2020 to Sun 9 May 2021.

Unit of observation and variables
In this study, the units of observation are the 107 Italian 
provinces. For each province, we measured the exposure 
(economic disadvantage), the daily outcome (infection 
spread), the potential confounders (population density, 
population age structure, and geographical repartition), 
and the number of days into each restriction tier.

We measured the provinces’ economic disadvantage 
(PED) using data on total yearly income from the Min-
istry of Economy and Finance [24]. We calculated the 
PED using the percentage of taxpayers in 2019 with a 
total yearly income lower than €10,000. The total yearly 
income includes all gross incomes from work (employ-
ment, self-employment, and pensions) and other sources 
(capital, land, and business).

To measure the SARS-CoV-2 spread, we used 
the cumulative number of SARS-CoV-2 infections 

Conclusion  Lower tiers were more effective in more economically disadvantaged provinces, while the highest 
restriction level had milder effects. These results underline the importance of accounting for socioeconomic level 
when implementing public health measures.
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disseminated daily by the Italian Civil Protection Depart-
ment [25]. The dataset contains information about the 
cases confirmed through Reverse Transcription-Poly-
merase Chain Reaction (RT-PCR). We estimated the 
SARS-CoV-2 spread through the daily reproduction 
number (Rt) using Cori’s “instantaneous Rt” method-
ology [26, 27]. In this setting, Rt is the sum of infection 
incidences observed in the previous period weighted by 
the infectivity function. We assumed that the infectivity 
function followed a Gamma Distribution with param-
eters estimated in the first outbreak in Lombardy [28].

We observed the provinces’ extensions and popula-
tion age structure from the National Institute of Statistics 
[29–31]. We estimated the population density for every 
province and then we divided the provinces into quar-
tiles. To account for the mask mandate exemption for 
children, we used the percentage of individuals aged 0–5 
(population age structure). Last, to account for the geo-
graphical repartition of the provinces, we aggregated the 
five NUTS-1 classifications in three groups, considering 
Northeast and Northwest as “Northern” Italy and South 
and Insular as “Southern” Italy.

The Italian Ministry of Health communicated weekly 
the change in pandemic threat assessments and restric-
tions in each region, and we gathered the information 
from the Ministry of Health’s web page about the novel 
coronavirus and the SKY TG24 news archive [32, 33]. 
We did not analyze the “low” level of pandemic threat, 
namely the white, because only the five Sardinia’s prov-
inces reached the level in the study period.

Statistical analysis
We used graphical displays for descriptive geographical 
analysis, timing of restriction by region, and trend of Rt 
and incidence at the national level. We also plotted Rt 
trends for each province in the single restriction episode 
by PED tercile and tier of restriction along with their 
average trend and 90% credible interval. The average 
trend is calculated through multilevel linear regression 
models stratified by restrictions and economic disad-
vantage terciles with days as the only covariate. The 90% 
credible intervals are obtained through simulation of the 
posterior distribution of the day parameters [34].

We used Multilevel Linear Regression (MLR) mod-
els with random intercepts stratified by restric-
tion tier to analyze the association between PED and 
Rt. That is, per every restriction we defined Rt as: 
Rtij = α + x′

ijβ + ui + eij  where i  indicates the clus-
ter and j  the observation. In the formula, α  is the fixed 
intercept, x′

ij  is the vector of variables observed in cluster 
i  at the j -th observation, β  the vector of fixed effects 
(common for every cluster and observation), ui  the spe-
cific random intercept of cluster i  assumed to be nor-
mally distributed, and eij  the usual error term of linear 

regressions assumed to be normally distributed as well. 
Since provinces faced the same restriction several times 
in different pandemic contexts, we choose to not define 
the cluster i  of MLR models as the province. Rather, we 
preferred to define a finer cluster i  as the province in the 
single episode of restriction. Hence, every province in 
each color limitation has different intercepts every time it 
faces the restriction. To check whether MLR models were 
needed, we estimated the Intraclass Correlation Coeffi-
cient (ICC) for every restriction level. We ran four sets 
of MLR models. First, we ran days models to estimate 
the overall effect of each tier. The estimates for the num-
ber of days into the restriction allowed us to identify the 
average daily effect of the restriction itself. Second, we 
ran PED models to study the average association of PED 
with our response variable. Third, we ran MLR models 
with the linear effect of PED, the linear effect of days, 
and their interaction. In this setting, studying the interac-
tion term gives insights into the differential effect of PED 
by tier. While linear effects represent changes in the Rt 
starting level, the interaction term represents a change in 
the Rt trend, that is, the slope. Fourth, we added all the 
confounders to the models with interaction, obtaining 
adjusted models. All the model equations are reported in 
the supplementary material. For all models, we reported 
estimates, standard errors, and p-values, considering 
estimates with p < 0.05 as statistically significant. More-
over, to ease the interpretation of interaction terms in the 
models, we calculated the turning points for both PED 
and days. Turning points are the values at which the first-
order partial derivative of the function equals zero. As in 
typical function studies, it is possible to know whether 
the outcome variable increases or decreases with larger 
or smaller values than the turning point.

Finally, we ran two sensitivity analyses. First, we 
removed restrictions shorter than a week and ran MLR 
full models to check whether short restrictions can affect 
the results. Then, we ran MLR full models weighted by 
the provinces’ populations, giving more weight to more 
populated provinces which in turn have more stable and 
reliable Rt.

In the analyses, we centered the economic disadvan-
tage and the share of people aged 0–5 to their minimum 
observed values (19.8 and 3.4 respectively). This allows 
the intercepts to have a theoretically observable value in 
all models. We used the software R for data preparation 
and analyses [35]. All data and codes are available in an 
online repository to guarantee full access and reproduc-
ibility to our results [36].
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Results
In Italy, there are 107 provinces (NUTS-3 level) hetero-
geneous by extension, population, and income distribu-
tion. These three variables varied between 203 and 7,692 
square kilometers, 83 − 4,253 thousand people, and 19.8–
48.5% of people with low income (PED), respectively.

Figure  1 shows the Italian maps by provinces of the 
variables we considered: the percentage of people with a 
gross yearly income lower than €10,000; the SARS-CoV-2 
cases per 10,000 inhabitants in the period 06 Nov 2020–
09 May 2021; the percentage of people aged 0–5 years; 
and the population density quartiles. In the figure, a 
remarkable north-south gradient in yearly income is vis-
ible. Southern provinces consistently show a larger share 
of low-income people than northern provinces. How-
ever, the reverse is observed for SARS-CoV-2 infections 
per 10,000 inhabitants. Higher values in cumulative inci-
dence of cases were observed in the north, suggesting an 
inverse relationship between our measure of PED and the 
spread of SARS-CoV-2 infection. The share of the popu-
lation aged 0–5 is generally higher in the north and south 
of Italy, with lower values observed in Sardinia and the 
center. Finally, population density is the lowest in moun-
tainous provinces and the highest in provinces with the 
largest cities in Italy.

Figure S1, in the supplementary material, reports 
the regional daily measures in place from 1 to 2020 to 
17 May 2021, highlighting the date when the pandemic 
threat assessment started including the weekly incidence 
threshold (16 January 2021). Restrictions changed fre-
quently and were heterogeneous by duration and imple-
mentation, showing no association with the geographical 
repartition of the regions. Country-wide restrictions not 
based on the pandemic threat of the regions are visible 
during Christmas, new year, and Easter (4 Apr 2021) 
periods. Figure S2, which can be found in the supple-
mentary material, displays the trends of Rt and SARS-
CoV-2 incidence from the beginning of data collection on 
positives in Italy (24 Feb 2020) to 31 Dec 2021, highlight-
ing the study period. Confronting Figure S1 and Figure 
S2 is visible that the Italian Government implemented 
the first restrictions right before November’s pandemic 
peak. Also, a new peak occurred in mid-March, this led 
many regions to the orange or the red restrictions before 
the so-called “Easter lockdown” was imposed at the 
national level.

Figure 2 shows the Rt trends observed from the restric-
tion implementation by PED terciles and restriction 
levels. Overall, the yellow tier showed increases in Rt, 

Fig. 1  Selected variables by Italian provinces (NUTS-3 level)
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while the orange and the red reduced the spreading of 
the virus with greater reductions in the red compared 
to the orange tier. However, we can observe very differ-
ent slopes between the least and the most economically 
disadvantaged in every level of restriction. While the 
overall trend in the yellow tier was rapidly increasing for 
the least disadvantaged provinces, the other two terciles 
showed slower growths. Also, the most economically 
disadvantaged appeared to have the sharpest decreas-
ing slope in the orange tier. The opposite is visible in the 
highest restriction level, where the reduction in Rt is less 
steep in provinces with the highest share of people with 
low income.

Table  1 shows the results from MLR models with 
fixed effects and random intercepts stratified by level of 
restriction. To account for the strong correlation of sub-
sequent Rt, we defined the cluster as the single episode 
in which the province entered a tier. Estimates of the 
Intraclass Correlation Coefficient (ICC) reported in the 
table confirm the need for a multilevel analysis as clusters 
explained 42–63% of the Rt variability (ICC yellow = 0.41; 
ICC orange = 0.63; ICC red = 0.55). Results from days 
models (Table 1.A) showed an increasing Rt trend for the 
yellow tier (days = 0.004 p < 0.01), a small restrictive effect 
in the orange tier (days = -0.005 p < 0.01), and a strong 
effect in the red tier, where every day of restriction con-
tributed to reducing the Rt by 0.014 (p < 0.01). On aver-
age, Rt increased from 0.99 to 1.08 after three weeks 
in the yellow level, decreased from 1.03 to 0.93 in the 

orange restriction, and reduced from 1.05 to 0.76 in the 
red tier. Table 1.B shows that provinces with higher PED 
have always higher Rt in every restriction level, although 
non-significant in the lowest tier (yellow = 0.001 p = 0.19; 
orange = 0.002 p = 0.02; red = 0.004 p < 0.01). Interaction 
MLR models in Table 1.C confirmed the trends observed 
in Fig. 2. The yellow tier model shows a positive effect of 
days and PED and a negative statistically significant inter-
action term, representing a slower increase in Rt for more 
economically disadvantaged provinces. The positive 
effects of both PED and days were reversed at the turn-
ing points PED = 64.7, outside the observed range, and 
days = 16.4. These estimates and the negative sign of the 
interaction effect show an increasing daily trend of Rt for 
all PED levels and a lower Rt for higher PED after 17 days 
in the yellow tier. The interaction model of the orange 
level reports a significant change in the direction of the 
effect of days. However, this inversion is completely bal-
anced by the statistically significant interaction effect of 
days and PED. The negative estimate for the interaction 
term reverses the two positive estimates for the single 
terms at PED = 21.9 and days = 10.4. Given that the mini-
mum observed share of low-income people is 19.8, a few 
provinces had a slightly increasing trend while every 
other province had a reduction in the spread of the virus 
when in the orange tier. The reduction in Rt had grow-
ing strength with greater PED. On average, after 11 days 
into the orange level, the starting gap between more and 

Fig. 2  Reproduction number trends by economic disadvantage terciles and restriction levels
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less economically disadvantaged provinces was filled and 
reversed.

Finally, the interaction model of the red tier confirmed 
the slower reductions in Rt for more economically dis-
advantaged provinces observed previously. The negative 
effect of days on Rt was eased by the positive effect of 
both PED and the interaction term. Turning points hap-
pened to be outside the observed range of the variables 
(PED = 71.8, days = -7.2), meaning that provinces with a 
higher share of people with low income always had both 
higher Rt levels and slower reductions in the red tier. 
When adjusting the estimates for potential confound-
ers, we observed little to no differences in our variables 
of interest (Table 1.D). The estimate of PED in the yellow 
tier model became negative but remained non-significant 
causing a sign change in the turning point of days as well 
(days = -11.6). The adjusted model for the yellow tier thus 
shows that provinces with a higher share of low incomes 
always had lower starting Rt (although non-significant) 
and lower increasing trends, thus resulting constantly 
advantaged in the lowest tier. The orange level adjusted 
model showed no meaningful difference with its non-
adjusted peer. Last, the red tier adjusted model differed 
in the effect size of PED only (PED = 0.009; p < 0.01), but 
do not differ in meaning from the non-adjusted.

The confounding variables did not have statistically sig-
nificant effects (not shown). It is worth underlining two 
exceptions: (1) the effect of the share of children aged 0–5 
in the yellow tier model (estimate = 0.054 p < 0.01), and (2) 
the significant effect of NUTS-1 regions in the red tier 
model (Central vs. Northern:  -0.078 p < 0.01; Southern 
vs. Northern:  -0.138 p < 0.01) that numerically represent 
what showed in Fig. 1.

Sensitivity analyses performed on adjusted models are 
reported in Table S1 and showed no substantial change 
in the reported results. Models without restrictions in 
place for less than 7 days, shown in Table S1.1 of the 
supplementary material, did not have different estimate 
directions or significance of the adjusted models. Also, 
weighting the adjusted models for the population of the 
provinces did not change our estimates, as reported in 
Table S1.2 in the supplementary material.

Discussion
In our analysis of Italian provinces, we found differen-
tial effects of the provinces’ economic disadvantage on 
SARS-CoV-2 spread by restriction level. We found statis-
tically significant interaction effects between the number 
of days into the restriction and the PED. Overall, in the 
lowest tier (yellow), Rt had an increasing trend, but more 
economically disadvantaged provinces had slower Rt 
increases than less disadvantaged. This different behav-
ior resulted in generally higher Rt values for the latter. 
Conversely, a moderate level of restrictions (orange) led 

to a general decrease in Rt values. The more economi-
cally disadvantaged provinces resulted particularly ben-
efited from the orange tier, as their Rt downward trend 
was steeper than less disadvantaged provinces. The aver-
age level of Rt was lower in more disadvantaged than 
less disadvantaged provinces after 9 days in the orange 
level. However, in the highest level of restriction (red) 
the higher the PED, the higher the Rt, and the slower the 
reduction.

Our results suggest the presence of different behaviors 
in the three levels of restrictions depending on the PED. 
The yellow level of restrictions was mainly characterized 
by the nocturnal curfew, mandatory stop to services in 
bars and restaurants at 18:00, and closure of social indoor 
activities (i.e., cinemas, gyms, museums) and shopping 
malls on non-working days. However, many social activi-
ties were still allowed during the day. When these restric-
tions were in place, we could expect that people with a 
wider economic availability enjoyed more frequently the 
restaurants, bars, shopping centers, and all the other 
available social venues. In contrast, disadvantaged peo-
ple could spontaneously stay more at home, resulting in 
lower transmissibility. This could result in a higher num-
ber of social contacts and higher chances of contagion in 
less economically disadvantaged provinces compared to 
more disadvantaged ones and might explicate the faster 
increasing Rt trends for the least disadvantaged provinces 
when the lowest level of restrictions was applied.

The orange tier, in addition to the restrictions applied 
in yellow, introduced a suspension to most social activi-
ties and limited the mobility between municipalities and 
regions. However, those limitations did not demonstrate 
a higher impact in less compared to more economically 
disadvantaged provinces. A possible explanation of the 
observed trend for less disadvantaged could be that in 
the orange tier, although stricter, the measures did not 
introduce a stay-at-home order, did not forbid private 
gatherings, and did not mandate smart working. That is, 
“non-essential” in-person working activities could con-
tinue. Moreover, it is plausible that the restricted mobility 
between municipalities impacted more residents in small 
towns than those living in big cities, and provinces with 
large provincial capitals have lower percentages of people 
with low income than those composed of small conurba-
tions. However, albeit it is safe to attribute the reduced 
spread of SARS-CoV-2 to the reduced mobility between 
municipalities and the take-away-only mandate to restau-
rants and bars, the reasons why these measures resulted 
more effective in more economically disadvantaged prov-
inces remain an open question.

The highest level of restrictions (red) corresponds to a 
complete lockdown, where only essential workers were 
allowed to leave home. In this case, we could speculate 
that more economically disadvantaged provinces have 
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higher shares of essential low-skilled workers who do not 
have the chance to work at home whilst limiting contacts 
and rapidly reducing the Rt [15, 37]. In addition, essential 
low-skilled workers could also have limited access to per-
sonal protective equipment and safe working conditions 
are generally less guaranteed [38].

In summary, while more advantaged people would 
have more contacts with lower restrictions, those with 
less economic availability would have more unavoidable 
social contacts during lockdowns increasing the chance 
of infections occurring.

Our results about the red tier are comparable to pre-
vious studies about the effect of lockdowns during the 
first wave. For example, several studies found lower effi-
cacy of lockdowns in poorer neighborhoods or disadvan-
taged areas in the United States [5–7], Europe [8–10], 
and Italy [11, 12]. Furthermore, our results are coherent 
with a European Commission report on the impact of the 
Italian three-tier system on mobility, which found lower 
mobility with increasing restriction levels [20]. Also, our 
findings on the restrictions’ effects are consistent with 
previous studies that found increasing Rt trends with the 
yellow restrictions, little to no reduction in the orange 
tier, and sharp declines in Rt with the red level [19, 21].

This work has its limitations. First, it was an ecological 
study, and ecological fallacy can lead to associations not 
necessarily true at the individual level. Although we used 
the lowest-available data reaching the NUTS-3 level, the 
granularity remains high, and it is not possible to account 
for individual confounders. Second, the restrictions 
were decided based on the assessed pandemic threats 
at the regional level (NUTS-2) while our analyses were 
at a lower level (NUTS-3). This means that provinces of 
the same region with different spread and control of the 
virus could face the same restriction, potentially modi-
fying the strength of our estimates unpredictably. Third, 
our measure of PED based on the gross yearly income 
did not consider the difference in the cost of living, the 
unofficial labor, and other forms of socioeconomic disad-
vantage. The same yearly income could have very differ-
ent purchasing power in different parts of Italy. In fact, a 
report by the Bank of Italy estimated that the cost of liv-
ing is roughly 17% lower in south-insular than in north-
central Italy[39]. Unofficial labor is also more widespread 
in southern Italy. Both phenomena could affect our mea-
sure of PED by showing more people with low income 
than the actual value. However, a study found that price 
differentials do not compensate for the differences in 
incomes, although they reduced the north-south gra-
dient [40]. Regardless of all, the threshold we used of € 
10,000 per year is very low, and gross incomes lower than 
this threshold are hardly considered adequate for liv-
ing in any part of Italy. Moreover, informal work could 
also be intended as a form of disadvantage for its lack 

of economic security and absence of sick leave. Fourth, 
during the study period, the vaccination campaign began 
(27/12/2021), and the new alpha variant (lineage B.1.1.7) 
became predominant, replacing the original SARS-CoV-2 
strain. We choose to not account for those two variables 
in our analyses because it is easy to assume that the share 
of vaccinated people is a mediator of the PED on SARS-
CoV-2 spread, thus, adjusting our analyses for the vac-
cinal status of the population would remove part of the 
total effect we are interested in. Also, to the best of our 
knowledge, the alpha variant was associated with higher 
spread, but there is no evidence that it was associated 
with the economic disadvantage of the province, making 
it not a confounder between the two measures. More-
over, public data on the vaccinal status of the population 
and the spread of the alpha variant are only available at 
the regional level [41, 42]. Fifth, the data on SARS-CoV-2 
infections might have some delay in the notification that 
is hardly quantifiable and may be affected by diverse 
under-notification by province. The former could assign 
infections that occurred previously to a sequent tier, 
affecting the starting and ending Rt we observed in each 
restriction and province. Regarding the latter, it is pos-
sible that smaller or more economically disadvantaged 
provinces were more affected by the under-notification of 
cases due to lower detection capability. This would result 
in lower reported infections during outbreak peaks and 
underestimations of Rt. Sixth and last, we assumed lin-
ear trends for Rt in every tier. This does not account for 
a plateau effect of the tiers or pandemic fatigue by the 
population. However, as visible in Fig.  2, implementa-
tion periods were relatively short and trends, on average, 
appear as linear.

Our work also has some strengths. First, to our knowl-
edge, this is the first study to look at inequalities in the 
effects of tiered restrictions. It underlines differential 
behaviors from areas characterized by different incomes, 
analyzing the effect on the spread of SARS-CoV-2. Sec-
ond, our study is based on a reliable measure of Rt, widely 
used in the literature and the daily reports of the Italian 
National Institute of Health [43–45]. The instantaneous 
Rt does not need any assumption except the distribu-
tion of the infectivity function and, intrinsically, that the 
observed past trend will hold in the close future. Mainly, 
the use of this measure does not require any assumption 
about the growth of the epidemic, often assumed to be 
exponential, which is rarely met in context with changing 
restricting measures such as the one we analyzed. Finally, 
our estimates were robust to sensitivity analyses either 
with removed shorter periods of restrictions or weighted 
by provinces’ population. To ease the replicability to the 
readers, the full code and data can be found in an online 
repository [36].
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Our results suggest the importance of improving pub-
lic policies at area levels that make it possible to account 
for the composition of the population. Consequently, 
resources could be allocated based on evaluated needs. 
In more economically disadvantaged areas, these poli-
cies could pay particular attention to workers in essen-
tial services that cannot work at home by implementing, 
for example, specific preventive measures aimed to limit 
virus circulation within the workplace [38, 46]. As sug-
gested by some authors, workers with symptoms or 
known contact with a positive person should be encour-
aged to stay at home without the risk to lose their job, and 
free onsite testing could be offered also facilitating access 
to diagnosis [38]. Also, in less economically disadvan-
taged areas more efforts could be oriented to strengthen 
the opportunity to work at home and to implement edu-
cation and information campaigns in the context of social 
activities.

Conclusion
This study found that the associations between area-level 
economic disadvantage and the spread of SARS-CoV-2 
differed for diverse levels of restriction implemented to 
prevent the spread of the virus. While lower restrictions 
curbed more the spread in more economically disadvan-
taged provinces, the lockdown reduced more the spread 
in less disadvantaged provinces. We hypothesize that 
these results could be linked, at least in part, to different 
shares of people with low income and essential workers. 
This study suggests the importance of further differenti-
ating actions, aiming at both minimizing the burden on 
the population and maximizing the impact of the restric-
tions on the spread of epidemics/pandemics. This would 
allow for early ease or early implementation of restric-
tions, as well as aimed policies shaped for specific con-
texts, optimizing the outcomes. This work calls for new 
studies to investigate whether associations found at the 
province level are also present at the municipal or indi-
vidual level.

List of abbreviations
ICC	� Intraclass Correlation Coefficient
MLR	� Multilevel Linear Regression
NUTS	� Nomenclature of Territorial Units for Statistics
PED	� Provinces’ Economic Disadvantage
Rt	� Reproduction number

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12889-023-15246-1.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Acknowledgements
We are grateful to Margherita Moretti and Serena Vigezzi who checked the 
replicability of our code and results.

Author contributions
LDB conceived the idea and designed the study in collaboration with GC. LDB 
was responsible for undertaking the data analysis and producing the tables 
and graphs. LC, MDM, and GC provided input into the data analysis. AA, NA, 
and MD contributed to the interpretation of the results. The manuscript was 
drafted by LDB, AA, and GC. LDB is the guarantor of the study. All authors have 
read, reviewed, and approved the final manuscript.

Funding
This work was not supported by anybody other than the authors’ employer.

Data availability
The datasets generated and/or analyzed during the current study are available 
in a GitHub repository, https://github.com/Luca-DB/covid_provincia.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Epidemiology - Regional Health Service, ASL Roma 1, 
Rome, Italy
2Sapienza University of Rome, Rome, Italy

Received: 25 November 2022 / Accepted: 9 February 2023

References
1.	 Marmot M, Friel S, Bell R, Houweling TA, Taylor S. Closing the gap in a genera-

tion: health equity through action on the social determinants of health. The 
Lancet. 2008;372:1661–9.

2.	 Barnett K, Mercer SW, Norbury M, Watt G, Wyke S, Guthrie B. Epidemiology 
of multimorbidity and implications for health care, research, and medical 
education: a cross-sectional study. The Lancet. 2012;380:37–43.

3.	 Wright L, Steptoe A, Fancourt D. Are we all in this together? Longitudinal 
assessment of cumulative adversities by socioeconomic position in the 
first 3 weeks of lockdown in the UK. J Epidemiol Community Health (1978). 
2020;74:jech-2020-214475.

4.	 Adams-Prassl A, Boneva T, Golin M, Rauh C. Inequality in the impact of 
the coronavirus shock: evidence from real time surveys. J Public Econ. 
2020;189:104245.

5.	 Chang H-Y, Tang W, Hatef E, Kitchen C, Weiner JP, Kharrazi H. Differential 
impact of mitigation policies and socioeconomic status on COVID-19 
prevalence and social distancing in the United States. BMC Public Health. 
2021;21:1140.

6.	 Lewis NM, Friedrichs M, Wagstaff S, Sage K, LaCross N, Bui D, et al. Dispari-
ties in COVID-19 incidence, hospitalizations, and testing, by Area-Level 
Deprivation — Utah, March 3–July 9, 2020. MMWR Morb Mortal Wkly Rep. 
2020;69:1369–73.

7.	 Abedi V, Olulana O, Avula V, Chaudhary D, Khan A, Shahjouei S, et al. Racial, 
economic, and Health Inequality and COVID-19 infection in the United 
States. J Racial Ethn Health Disparities. 2021;8:732–42.

8.	 Morrissey K, Spooner F, Salter J, Shaddick G. Area level deprivation and 
monthly COVID-19 cases: the impact of government policy in England. Soc 
Sci Med. 2021;289:114413.

9.	 Aguilar-Palacio I, Maldonado L, Malo S, Sánchez-Recio R, Marcos-Campos 
I, Magallón-Botaya R, et al. COVID-19 inequalities: Individual and Area 

http://dx.doi.org/10.1186/s12889-023-15246-1
http://dx.doi.org/10.1186/s12889-023-15246-1
https://github.com/Luca-DB/covid_provincia


Page 10 of 10Dei Bardi et al. BMC Public Health          (2023) 23:329 

socioeconomic factors (Aragón, Spain). Int J Environ Res Public Health. 
2021;18:6607.

10.	 Wachtler B, Michalski N, Nowossadeck E, Diercke M, Wahrendorf M, Santos-
Hövener C, et al. Socioeconomic inequalities in the risk of SARS-CoV-2 infec-
tion - first results from an analysis of surveillance data from Germany. J health 
Monit. 2020;5(Suppl 7):18–29.

11.	 Mateo-Urdiales A, Fabiani M, Rosano A, Vescio MF, del Manso M, Bella A et al. 
Socioeconomic patterns and COVID-19 outcomes before, during and after 
the lockdown in Italy (2020). Health Place. 2021;71 July:102642.

12.	 Consolazio D, Murtas R, Tunesi S, Gervasi F, Benassi D, Russo AG. Assessing 
the impact of individual characteristics and Neighborhood Socioeconomic 
Status during the COVID-19 pandemic in the provinces of Milan and Lodi. Int 
J Health Serv. 2021;51:311–24.

13.	 Pullano G, Valdano E, Scarpa N, Rubrichi S, Colizza V. Evaluating the effect of 
demographic factors, socioeconomic factors, and risk aversion on mobility 
during the COVID-19 epidemic in France under lockdown: a population-
based study. Lancet Digit Health. 2020;2:e638–49.

14.	 Gauvin L, Bajardi P, Pepe E, Lake B, Privitera F, Tizzoni M. Socio-economic 
determinants of mobility responses during the first wave of COVID-19 in Italy: 
from provinces to neighbourhoods. J R Soc Interface. 2021;18:20210092.

15.	 Glodeanu A, Gullón P, Bilal U. Social inequalities in mobility during and follow-
ing the COVID-19 associated lockdown of the Madrid metropolitan area in 
Spain.Health Place. 2021;70 April.

16.	 Presidente del Consiglio dei Ministri. Ulteriori disposizioni attuative del 
decreto-legge 25 marzo 2020, n. 19, recante misure urgenti per fronteggiare 
l’emergenza epidemiologica da COVID-19, e del decreto-legge 16 maggio 
2020, n. 33, recante ulteriori misure urgenti per fronteggiare l’emergen. 
2020. https://www.trovanorme.salute.gov.it/norme/dettaglioAtto?id=74482. 
Accessed 6 Aug 2022.

17.	 Presidente del Consiglio dei Ministri. DECRETO DEL PRESIDENTE DEL CONSI-
GLIO DEI MINISTRI 3 novembre 2020. 2020. https://www.gazzettaufficiale.it/
eli/id/2020/11/04/20A06109/sg. Accessed 4 Aug 2022.

18.	 Ruffino L. Un anno di zone colorate. 2021. https://www.youtrend.
it/2021/11/10/un-anno-di-zone-colorate/.

19.	 Manica M, Guzzetta G, Riccardo F, Valenti A, Poletti P, Marziano V, et al. Impact 
of tiered restrictions on human activities and the epidemiology of the sec-
ond wave of COVID-19 in Italy. Nat Commun. 2021;12:4570.

20.	 Vespe M, Minora U, Iacus SM, Spyratos S, Sermi F, Fontana M et al. Mobility 
and Economic Impact of COVID-19 Restrictions in Italy using Mobile Network 
Operator Data. 2021.

21.	 Bonifazi G, Lista L, Menasce D, Mezzetto M, Pedrini D, Spighi R, et al. Study 
on the effects of the restrictive measures for containment of the COVID-19 
pandemic on the reproduction number Rt in italian regions. Eur Phys J Plus. 
2021;136:1–16.

22.	 Jay J, Bor J, Nsoesie EO, Lipson SK, Jones DK, Galea S, et al. Neighbourhood 
income and physical distancing during the COVID-19 pandemic in the 
United States. Nat Hum Behav. 2020;4:1294–302.

23.	 Wright AL, Sonin K, Driscoll J, Wilson J. Poverty and economic dislocation 
reduce compliance with COVID-19 shelter-in-place protocols. J Econ Behav 
Organ. 2020;180:544–54.

24.	 Ministero dell’Economia e delle Finanze. Tax Returns Opendata. 2020. 
https://www.finanze.gov.it/finanze/analisi_stat/public/index.php?search_
class[0]=cCOMUNEopendata=yes. Accessed 24 Jun 2022.

25.	 Dipartimento della Protezione Civile. Dataset of COVID-19 infected cases in 
Italy by province [electronic resource]. 2020. https://github.com/pcm-dpc/
COVID-19. Accessed 24 Jun 2022.

26.	 Fraser C. Estimating Individual and Household Reproduction numbers in an 
emerging epidemic. PLoS ONE. 2007;2:e758.

27.	 Cori A, Ferguson NM, Fraser C, Cauchemez S. A New Framework and Software 
to Estimate Time-Varying Reproduction numbers during epidemics. Am J 
Epidemiol. 2013;178:1505–12.

28.	 Cereda D, Tirani M, Rovida F, Demicheli V, Ajelli M, Poletti P, et al. The early 
phase of the COVID-19 outbreak in Lombardy, Italy. arXiv Populations and 
Evolution; 2020.

29.	 Istituto Nazionale di Statistica. Municipalities sizes and populations as of 
01/01/2020. 2022. https://www.istat.it/it/archivio/156224. Accessed 9 Jul 
2022.

30.	 Istituto Nazionale di Statistica. Municipalities and Provinces codes as of 
01/01/2020. 2022. https://www.istat.it/it/archivio/6789. Accessed 9 Jul 2022.

31.	 Istituto Nazionale di Statistica. Resident population by province, age, sex and 
marital status on 1st January 2020. 2021. https://demo.istat.it/popres/down-
load.php?anno=2020&lingua=eng. Accessed 9 Jul 2022.

32.	 Ministero della Salute. Nuovo coronavirus - Notizie. News e media. 2020;:1–
74. http://www.salute.gov.it/portale/nuovocoronavirus/archivioNotizieNu-
ovoCoronavirus.jsp.

33.	 Sky TG24. Sky TG24 News Archive. 2018. https://tg24.sky.it/archivio.
34.	 Korner-Nievergelt F, Roth T, von Felten S, Guélat J, Almasi B, Korner-Nievergelt 

P. Bayesian data analysis in Ecology using Linear Models with R, BUGS, and 
Stan. Elsevier; 2015.

35.	 R Core Team. A Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing. 2019;2:https://www.R--project.org.

36.	 Dei Bardi L, Acampora A, Cacciani L, di Martino M, Agabiti N, Davoli M et 
al.GitHub Repository. 2022. https://github.com/Luca-DB/covid_provincia.

37.	 Bambra C, Riordan R, Ford J, Matthews F. The COVID-19 pandemic and health 
inequalities. J Epidemiol Community Health (1978). 2020;74:964–8.

38.	 Rao A, Ma H, Moloney G, Kwong JC, Jüni P, Sander B, et al. A disproportionate 
epidemic: COVID-19 cases and deaths among essential workers in Toronto, 
Canada. Ann Epidemiol. 2021;63:63–7.

39.	 Cannari L, Iuzzolino G. Le differenze nel livello dei prezzi al consumo tra Nord 
e Sud. 2009.

40.	 Pittau MG, Zelli R, Massari R. Do spatial price indices reshuffle the italian 
income distribution? Mod Econ. 2011;02:259–65.

41.	 Commissario straordinario per l’Emergenza COVID-19. Covid-19 Open-
data Vaccines. 2021. https://github.com/italia/covid19-opendata-vaccini. 
Accessed 24 Jun 2022.

42.	 European Centre for Disease Prevention and Control. SARS-CoV-2 variants 
dashboard. COVID-19 situation updates. 2022. https://www.ecdc.europa.eu/
en/covid-19/situation-updates/variants-dashboard. Accessed 24 Jun 2022.

43.	 Gostic KM, McGough L, Baskerville EB, Abbott S, Joshi K, Tedijanto C, et al. 
Practical considerations for measuring the effective reproductive number, Rt. 
PLoS Comput Biol. 2020;16:e1008409.

44.	 Guzzetta G, Merler B. Stime della trasmissibilità di SARS-CoV-2 in Italia. 
2020;:1–12.

45.	 Italian National Institute of Health. COVID-19 integrated surveillance: key 
national data. 2022. Accessed 24 Jun 2022.

46.	 Hammonds C, Kerrissey J. “We are not heroes because it is not a choice”: A 
Survey of Essential Workers’ Safety and Security During COVID-19. 2020;:25.

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

https://www.trovanorme.salute.gov.it/norme/dettaglioAtto?id=74482
https://www.gazzettaufficiale.it/eli/id/2020/11/04/20A06109/sg
https://www.gazzettaufficiale.it/eli/id/2020/11/04/20A06109/sg
https://www.youtrend.it/2021/11/10/un-anno-di-zone-colorate/
https://www.youtrend.it/2021/11/10/un-anno-di-zone-colorate/
https://github.com/pcm-dpc/COVID-19
https://github.com/pcm-dpc/COVID-19
https://www.istat.it/it/archivio/156224
https://www.istat.it/it/archivio/6789
https://demo.istat.it/popres/download.php?anno=2020&lingua=eng
https://demo.istat.it/popres/download.php?anno=2020&lingua=eng
http://www.salute.gov.it/portale/nuovocoronavirus/archivioNotizieNuovoCoronavirus.jsp
http://www.salute.gov.it/portale/nuovocoronavirus/archivioNotizieNuovoCoronavirus.jsp
https://tg24.sky.it/archivio
https://www.R--project.org
https://github.com/Luca-DB/covid_provincia
https://github.com/italia/covid19-opendata-vaccini
https://www.ecdc.europa.eu/en/covid-19/situation-updates/variants-dashboard
https://www.ecdc.europa.eu/en/covid-19/situation-updates/variants-dashboard

	﻿SARS-CoV-2 spread and area economic disadvantage in the italian three-tier restrictions: a multilevel approach
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Study design and setting
	﻿Unit of observation and variables
	﻿Statistical analysis

	﻿Results
	﻿Discussion
	﻿Conclusion
	﻿References


