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The percentage of the world's population living in urban as is projected to increase in
the next decades. Big cities are heterogeneous environmeastin which socioeconomic
and environmental differences among the neighborhoods areften very pronounced.
Each individual, during his/her life, is constantly subjeédo a mix of exposures that
have an effect on their phenotype but are frequently dif ctilto identify, especially in an
urban environment. Studying how the combination of enviraomental and socioeconomic
factors which the population is exposed to inuences pathobgical outcomes can
help transforming public health from a reactive to a predidte system. Thanks to the
application of state-of-the-art spatially enabled method, patients can be strati ed
according to their characteristics and the geographical cotext they live in, optimizing
healthcare processes and the reducing its costs. Some pulti health studies focusing
speci cally on urban areas have been conducted, but they usally consider a coarse
spatial subdivision, as a consequence of scarce availalifi of well-integrated data
regarding health and environmental exposure at a suf cienievel of granularity to
enable meaningful statistical analyses. In this paper, wergsent an application of highly
ne-grained spatial resolution methods to New York City ded. We investigated the
link between asthma hospitalizations and a combination of ia pollution and other
environmental and socioeconomic factors. We rst performe an explorative analysis
using spatial clustering methods that shows that asthma isalated to numerous factors
whose level of in uence varies considerably among neighbéoods. We then performed
a Geographically Weighted Regression with different covieates and determined which
environmental and socioeconomic factors can predict hospalizations and how they
vary throughout the city. These methods showed to be promisig both for visualization
and analysis of demographic and epidemiological urban dymaics, that can be used
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to organize targeted intervention and treatment policiesat address the single citizens
considering the factors he/she is exposed to. We found a linlbetween asthma and
several factors such as PM2.5, age, health insurance covege, race, poverty, obesity,
industrial areas, and recycling. This study has been condued within the PULSE project,
funded by the European Commission, brie y presented in thipaper.

Keywords: public health, data integration, spatial enable ment, geostatistics, asthma, clustering, regression

INTRODUCTION to integrate, analyze and visualize data to inform healthgyoli
decisions and support their evaluation in a data-driven fashi
The percentage of the world's population living in urban areas One of the key innovation aspects of this project, is the
is projected to increase from 54% in 2015 to 60% in 2030 angpplication of spatial enablement, i.e., the ability to add a
to 66% by 20501). In absolute terms, more than 1 billion geographic reference to data and information, to urban data
people were added to urban areas between 2000 and 20%halytics, in order to nd important solution in a restrictedub
It is important to recognize that cities are not just economicpopulated area such as a dense city.
drivers for countries, but also perfect labs for innovation |n this article, in line with PULSE's target and the principles
and research aiming to manage and respond to dramatigf jts data integration approach, we present an application of
demographic and epidemiological transitior.(Big cities are spatially-enabled analytics to historical New York City data
heterogeneous environments where social and environmentgathered in the context of the project, to investigate the
conditions vary signi cantly within relatively small destices. possible links between air pollution, socioeconomic factansi
Therefore, in order to improve well-being, health in the biies  asthma hospitalizations. Within PULSE, an extensive rekearc
has to be addressed at a neighborhood le@gl Rarticipatory  on asthma physiopathology and determinants has been carried
Urban Living for Sustainable Environments (PULSE) is amput, integrating data and information from the literaturddt
international project funded by the European Commissioncan allow a proper design of a prevention/treatment system that
under the Horizon 2020 framework to undertake research an%cuses on the most relevant factors, to proper|y inform ettig

innovation in cities in Europe, the United States and Asia. Thexnd public health operators, and provide them with tools that
project started in late 2016 and has a planned total duratiogase the intervention process.
of 3 years. PULSE is partnering with municipality leaders of Asthma is known to be a complex multifactorial disease,
ve major cities—Paris, Singapore, Birmingham, Barcel@ml  whose manifestation and exacerbation is related to a coattain
New York—to collect information from the public health syste  of genetic, social and environmental factors. Some of the
remote and Xed environmental sensors, and citizen-opatate mechanisms that de ne how these factors in uence the disease
mobile devices, to develop a system for the management gfe known to the scientic community ), for instance the
public health policies in the urban environment, being rst relation between air pollution and asthma exacerbatinand
to build an integrated approach to public health challengeshe connection between asthma prevalence and demographic
in cities. or socioeconomics conditions such as race, education,asek,
PULSE has two main clinical focuses: the link between aihcome @). Despite this knowledge, studies that address the
pollution and the respiratory disease of asthmg, (and the problem at an intra-city level, clustering neighborhoods and
one between physical inactivity and the metabolic disease @bpulation according to their risk level and allowing policy
type 2 diabetes5]. Within PULSE, health risk is understood to makers to better target their interventions, are genenaiigsing.
be a combination of environmental and social exposures,(e.g. Modern research in medicine is exploring new ways to
air pollution, poverty) and human behavior (e.g., a sedentarpptimize healthcare services, creating approaches that are
lifestyle). The overall goal is to build an extensible platfo developed speci cally for each patient taking into accounttiés
and technologies to predict, mitigate, and manage publictheal genetic and behavioral features and the environmentabfact
problems, and promote community health and well-being, inhe/she is exposed to. This approach, commonly called Precision
cities @). This goal is pursued by establishing an integratedMedicine, allows to maximize the e ectiveness of treatments i
data ecosystem based on continuous large-scale collecfion terms of bene ts and time and resources spent. This objective
heterogeneous data available within the smart city envivent,  is achieved using grouping tools that stratify similar patgen
in which both the citizens and the public health authoritiege a in clusters according to certain characteristics, in orternd
directly involved, the former through a personal smartphoppa common patterns that can help design the best treatment fonea
the latter through dedicated visualization and simulatimols.  patient belonging to a speci c cluster.

Data is collected directly from the citizens that take parthe Furthermore, recent research found that besides genetic
project and from a set of sensors and open sources. predispositions, disease outcomes and phenotype in general
The project will culminate with the establishment of Publicis inuenced by what is usually calleéxposomigsi.e., a
Health Observatories (PHOSs) in each urban locality, whiélh w combination of exposures to multiple factors which an indivédiu
mainly rely on the analytics components of the PULSE systelis subject to during a certain period of timel@. Spatial
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enablement can add an important contribution to public healthseveral covariates. Our results con rmed that the hosptdlon
management, citizens' well-being and precision medicimees rate is related to a number of environmental and socioecoitcom
the geographic dimension cannot be neglected when it comes factors whose level of in uence changes in the di erent arefs
considering environmental and socioeconomic exposures. the city. The application of spatially-enabled methods allowed
Using spatial enablement to carry out geospatial analysis ofs to discover important di erences in the e ect of the diverse
determinants of a complex disease such as asthma can be uséagttors in the di erent neighborhood of the city, none of whic
to study the problem at a neighborhood level, in order to nd would be visible in studying the e ect of the same factors fa th
the right geographical and environmental exposures pattdrats t whole city or for the main 5 administrative areas (Boroughs)
can determine which groups in the population are mostly at risk.
This approach leads to better results than studying the prolaem MATERIALS AND METHODS
a single patient level, that would require longer experimgata
times at the expense of healthcare resources and patientdtheaData Sources
nonetheless studying these relations considering the evbity ~ Several sources of data have been used to carry out the analyse
with a-spatial methods would hide most of the important geo-reported in this paper. Most of the data has been kindly
dependent exposure aspects of the disease. provided to the PULSE consortium by The New York Academy
We therefore considered how both the environmentalof Medicine, whereas other data has been gathered directly
and social conditions vary among dierent city areas andfrom open repositories. In particular, during the rst year of
how these factors impact on asthma outcomes throughouthe project, data from all the cities taking part at the project
the di erent neighborhoods. Studying the way environmentalregarding air pollution, asthma prevalence, hospitalizegiand
and socioeconomic factors can determine the risk of asthmgD visits, and several socioeconomic factors was gathemgd a
complications can be complicated in big cities, where miblion integrated in the PULSE data repositories. The data to be
of people live concentrated in a small space and environmentabllected was chosen based on the elements that appeared to
and social disparities are emphasized. A few studies focusitg most related to asthma exacerbation according to previous
speci cally on urban areas have been conducted, but theyllysuaevidence in literature. Although a large quantity of datdésng
consider a coarse spatial subdivision which often correspondtollected within PULSE, open data has been gathered too where
to the whole city {1) or macroscopic grid-like subdivisions in available. One of the cities with the largest availabilityezent
the order of 10 10km (12). This is often a consequence of data is New York, that has been chosen for the preliminary
the scarce availability of well-integrated data regardieglth  study on the link between air pollution and asthma, and on
and environmental exposure at a su cient level of granulgi®  the role of socioeconomic conditions in asthma-relatedtyis
enable meaningful statistical analyses. to the hospital, reported in this paper. Several variablegdist
In the nal phase of PULSE, in which the PHOs will and described inTable 1, have been chosen for this study. For
be functioning and aiding the public health decision makingair pollution, we chose the PM2.5 and ozone concentrations, as
process, health authorities will be able to inspect aggrdgktta among all the pollutants they appear to be particularly relevant
about the population merged with environmental data, and theyn asthma exacerbationl{, 15 and open data about their
will be provided with simulation tools that will allow monitorg  monitoring in NYC is easily available. We then chose a set of
of several disease outcomes based on social, environnamtal other environmental data related to asthma (e.g., indastand
behavioral factors. The asthma hospitalization rate is amgte  use) and some socioeconomic factors that appeared to be n¢leva
of outcome that is easy to monitor and useful to model, as publiin previous researcts(12). SeeTable 1for details.
health authorities are interested in reducing hospitalizas The socioeconomic data used in this paper is freely available in
rate for several reasons, that include improving the popul&ionthe NYC Neighborhood Health Atlas websited, from which it
well-being and reducing healthcare costs and consumption dfas been downloaded. The hospitalization and ED visit radiéss,d
resources; this is particularly true in New York City, sinbet as well as the PM2.5 historical data, has been downloaded from
New York State healthcare system spends 1.3 Billion dollars ptte NYC Environmental & Health Data Portall{). The data
year for asthma (second highest state in the US) and curremegarding the percentage of land used for industrial purposes,
asthma prevalence in adults living in New York City is 10.2%the obesity rate and the recycling rate were taken from the
higher than 9.3% of adults who live in the rest of the Sta@.( data2go.nyc websité®). The information regarding age and race
This paper reports an initial exploration of some of the of hospitalized people has been acquired from the SPARGS (
high spatial resolution methods that will be used to analyzéimited 2014 dataset.
the large heterogeneous data gathered in PULSE, demonsgtrati
their necessity and usefulness. In this study, we used staidata Integration
of the art spatially-enabled analytics applied to data gatherePublic health and environmental data is usually collectedwit
in the context of PULSE regarding the urban area of Newespect to di erent polygonal subdivisions, in New York. The
York City, subdivided into 42 sectors according to the o tia most used ones are: UHF34 and UHF42 (United Hospital Fund
United Funded Hospital (UHF42) subdivision. In particular, with 34 and 42 polygons, respectively), CD55, CD59 and CD71
we applied some spatial clustering methods and performe@@Community Districts with 55, 59 and 71 polygons), NTA
geographically weighted regression (GWR) using the 201éNeighborhood Tabulation Areas) and ZIP (ZIP codes). In the
asthma hospitalization rate as dependent variable and ggstirpresent paper, we decided to adopt UHF42 to visualize the
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TABLE 1 | Description of the data used in our study.

Type Description Source Year Sample size

Health-related Hospitalization rate: number of people hgstalized SPARCS, NYC 2014 42 observations (one for each UHF42)
for asthma over total population Data Portal

Environmental PM2.5 yearly average NYC Data Portal 2014 42beervations (one for each UHF42)

Environmental Ozone summer average (from June to September ~ NYC Data Portal 2014 42 observations (one for each UHF42)

Environmental Percentage of land used for industrial actties Data2go.nyc 2017 59 observations (one for each CD59)42 after interpolation

Environmental Recycling rate Data2go.nyc 2010 59 observations (one for each CD59)42 after interpolation

Demographic Age: percentage of population aged 18, average SPARCS 2014 174 observations (one for each zip code) for avage age 42
age at hospitalization and percentage of population (one for each UHF42) after interpolation. 42 observationsif
aged > 65 the percentages

Demographic Race: percentage of people identifying as Bldg NTA 2014 195 observations (one for each NTA)42 (one for each
Hispanic, Asian, White, Other/Unknown UHF42) after interpolation

Socioeconomic  Poverty rate NTA 2014 195 observations (one for each NTA)42 (one for each

UHF42) after interpolation
Socioeconomic  Medicaid coverage NTA 2014 195 observationgone for each NTA) 42 (one for each

UHF42) after interpolation

results, as most of the data considered is natively avaifable Euclidean Distance has been used as distance measure between
it. To overlap other layers with a di erent spatial subdivisjo neighboring features. We set up a spatial constraint optiorn tha
we applied the following data harmonization algorithm: letsrenders polygons that share at least one side/vertex to b& mor
consider a polygonal subdivision for which a certain variant likely to be clustered together, thus reinforcing the as@gpatial
available, for each polygdh, the variant value; is known. Ifwe  component. The number of clusters has been automatically
consider another polygoRg, belonging a di erent subdivision, chosen using the Calinski-Harabasz pseudo F-statistic inrorde

in general it won't coincide with an; and, instead, will overlap to better optimize the clustering.

to several of them. The estimateg can be obtained by the The considered datasets were then analyzed by Geograghicall
weighted sum Weighted Regression (GWR2}Z), whose basics are given here.

= Standard or-spatiallinear regression is based on the relation

Vo D #iAA' )
i 1

yD oC 1xC" @

whereA, is the area of the intersection betweenand Po and  Petween the dependent variabfeand the explanatory onex

the summation is only performed over the polygons for which theh the simplest case, having only one explanatory variable. Th
intersection is non-empty. This means that the value of aagert Variablex andy must be known for an adequate number
phenomenon in any spatial subdivision can be represented in th@f observations, which can be represented by poinisyi).
UHF42 one constructing each polygon as the sum of the samehe thus-obtained set of equations can be represented in the
value in the other subdivision, weighted for the overlappinggar Vector formalism

Spatial Analysis Y D XbC" 3
To perform our spatial clustering analyses we used the ArcGIS

Grouping analysitool (20), part of theSpatial Analyst toolbox whereY contains the actual measurementsyof* is a vector
With this tool, given a geographic feature set as input, itsjize with the error terms and the vector is composed by the two
to nd a certain number of subgroups such that the intra-group Unknowns, o and 1. Its estimation is usually performed by a
feature similarity and the inter-group feature dissimitgrare ~ Minimum problem; the minimized quantity is the squared norm
jointly maximized. This tool implements a clustering method©f the di erence between the observed valuesyoand those
based on Minimum Spanning Tree&1): a minimum spanning 9iven by the modeY . / D Xb; in formula

tree is devised that summarizes both feature spatial relships X

and feature data similarity. Features become nodes in the D min yi .Xbl, 2 (4)
minimum spanning tree connected by weighted edges. The

weight for each edge is proportional to the similarity of the

objects it connects. After building the minimum spanningdre The depicted solution can be generalized by introducing @tei
a branch (edge) in the tree is pruned, creating two minimumthus giving each observation a di erent relevance

spanning trees. The edge to be pruned is selected so that it

minimizgs diss.imilarity in the resultgnt groups, while adioig £D min X Wiy X
(if possible) singletons (groups with only one feature). The

2

(5)
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GWR uses the above de ned method to take into consideratiofhese results suggest that high air pollution levels are not
spatial variability. In a common GIS layer with polygonthe only factor that inuences asthma hospitalization rate,
representation of an environment, each polygon corresponds timdicating that socioeconomic factors play an important role
an observation, located in itsentroid The studied area can be given that Manhattan, arguably the highest income area ef th
overlapped with a set of regularly-spaced dots. For each dot,city, has jointly the highest air pollution levels and the kst
distinct regression is calculated, in which the observddesfor  hospitalization rates. Previous researéhi(?) found signi cant

the dependent and explanatory variables are the same, but tierrelation between asthma and socioeconomic factorsages

weights change. In our case, the weight function is sex, education, race, and income. For these reasons, we ran
additional analyses to investigate the spatial distributidn o
2 clusters of these variables and their potential associatiith
wiDe ¢ (6) asthma hospitalizations in the urban context. In particular,

we used the open data from the New York Neighborhood

where d; is the distance between the considered dot and thé&lealth Atlas project, that makes health and socioeconomic
i-th centroid andsis a threshold, corresponding in our case todata categorized according to 195 Neighborhood Tabulation
5km. In our study, we overlapped to the NYC map a grid ofAreas (NTA) available. This data included: percentage obfem
points distant 1 km from each other. Due to the use of the UHFpopulation, percentage of population in the age ranges 0-
42 subdivision, each univariate regression in this paper I2as 48, 18-24, 25-44, 45-64,@5percentage of the population
real observations (one for each centroid) overlapped with d griidentifying as White, Black, Hispanic, Asian and other race,
of 48 48 points, for each one of which a di erent weight is poverty rate, mortality rate and percentage of population with
assigned depending on the values of the closest centroids. an education level under high school. Data was collecte®i2

Other a-spatial methods have been used during this studgnd spatially categorized according to the New York 195 NTAs.
to complete our analyses and improve the observation anth order to determine which of these variables were sigmitca
explanations of the results. These methods are the standal@l in uencing the hospitalization rate, we performed a forwar
Linear Regression2Q), the Forward Stepwise Regressiag)( Stepwise regression, using the 2014 asthma hospitalizadien r
and the One-Way ANOVA variance tes?%) and they are not as the dependent variable. All the considered variables,drgu
presented in this paper since we assume that the reader alreaggrt of the race ones (percentage of Asians and races other than
knows their fundamentals. White, Black and Hispanic) and mortality rate, were signinta

Interesting results emerged from a subset of our clustering
analyses where we focused on the link between child asthma
hospitalizations and povertfrigure 1Bpresents the results from
In this section, we present the main results of the analysds th};lhe spatial cIustenng analysis using asthma hpspnahzaﬁmub
have been conducted on the data gathered within the context overty rate. Excluding some _ne.lghborhoods |n.West Broaklyn

here seems to be an association between high poverty rates

PULSE regarding the city of New York. . . nd high hospitalization rates. In particular, it is noticémab
The rst step of our exploratory analyses consisted in a se

. . . . that in the same areas where the hospitalization rate is high
of spatially-enabled clustering analyses. In particularplider .
. . . . i.e., south Bronx and north/central Brooklyn), the poverate
to assess the relationship between air pollution and asthm

hospitalizations, we rst applied a spatial clustering methodf >0 aPpears to be higher than the rest of the city. We also

o o examined the relationship between access to health inseran
considering the rate of asthma hospitalizations and the Iyearanol asthma. hospitalizations. since evidence suqoests t o
PM2.5 concentration as features. We performed the clusterin P ’ 99 alep

multiple times, each one considering the data of a speci ¢ yeaf&ith Medicaid or who are uninsured use the ED more frequently
from 2012 to 2014, obtaining systematically the same aliste an patients with private insuranc&®). The clustering results

those shown irFigure 1A, showing 2014 data. Some interestingShOW. th_at t_he same areas th?t were found to hqve the highest
. . . . hospitalization rates and the highest poverty rate (i.e. Btenx,
phenomena can be noticed in the clustering results:

East Harlem and the neighborhoods close to the largest highway
In 7 out of 10 clusters found by the algorithm, an occurrente oof Brooklyn and Queens) have the lowest percentage of insured
low PM2.5 concentration corresponds to a low hospitalizatiorpeople in the city. The situation is the opposite in most of
rate and vice versa,; Manhattan, Staten Island and the Rockaway peninsula.

3 out of 10 clusters, all within the borough of Manhattan, are Following preliminary exploratory analyses conducted using
in contrast with this tendency, since they present the highesspatial clustering techniques, we performed a multivariate
PM2.5 levels together with the lowest hospitalization rafes aegression analysis using both standard and spatially-edable
all the city linear regression.

The Bronx, East Harlem and some neighborhoods in Our results conrm the same phenomena pointed out
North/Central Brooklyn close to some of the biggest highsvayby the spatial clustering (seBigure 1): we rst trained a

of the city (e.g., Brooklyn-Queens Expressway, Long Islanstandard regression model using the 2014 hospitalizatioa rat
Expressway) have the highest hospitalization rates of thes dependent variable and the PM2.5 levels from the same year
whole city, together with the highest pollution level of &let as covariate, and the results show that the PM levels do not
neighborhoods excluding the wealthiest areas of Manhattan have a signi cant impact on the hospitalization ratB-yalue

RESULTS
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FIGURE 1 | Results of the spatial clustering consideringA) the average 2014 PM2.5 concentration and the asthma hospitézation rate and(B) the poverty rate. On
the left, a color-coded map of the clusters and on the right a prallel box plot that shows the relation between the paramets' distributions.

0.985, Correlation Coe cient 0.003). Considering the spati among the neighborhoods. For these reasons, further aemlys
clustering results, in which it's clear that in midtown Maaftan ~ employing a Geographically-Weighted Regression (GWR, see
the relationship between air quality and hospitalizatiorss i Methods section for further details) were performed in order
di erent than the rest of the city, we carried out the same &ne to correct for the local e ect of socioeconomic factors in the
regression excluding all the neighborhoods of Manhattah budi erent areas of the city. We applied our algorithm several
East Harlem, Central Harlem and Washington Heights (sincdimes with a radius of 5km and tested the di erent covariates,
they don't show the same contrast between high pollutiorspeci cally: PM2.5 and ozone concentration in the same year
and low hospitalization rate), and we obtained a signi cant(2014), poverty rate, percentage of the population identifyiag
relationship between air pollution and hospitalizations twi ~ Black, obesity rate, percentage of population aged under 18 or
moderate positive correlatiorP{Value 9.62 10 4, Correlation —over 65, recycling rate.

Coe cient 0.534). Using as covariate the 2014 poverty rate to

predict the asthma hospitalizations, results show a veryngtro Air Pollution

correlation P-Value 5.93 10 13, Correlation Coe cient0.855).  As shown in the previous section, according to our analyses ai
From these results it could be assumed that the average yeaplgllution, in particular the PM2.5 concentration, doesn't see
value of PM2.5 is not a good measure to study the e ects of ailo have a signi cative impact on the asthma hospitalization
quality on asthma, as local and brief but potentially dangero rate in the whole city. Our results from the GWR conrm
peaks are not visible. Furthermore, these results con rnt,thathis hypothesis, sincd? is low in most of the city, and
even if air quality plays a role in determining the number ofin Manhattan ; is even negative, indicating the contrast
asthma hospitalizations in several areas of the city, it ajsgbat  between the high pollution level and the low hospitalizatiarer,
socioeconomic factors are much more decisive when all tijésci  Since asthma is known to be related to several pollutants, we
considered. Hence, the spatial dimension cannot be neglécte applied the GWR also to the average concentration of Ozone.
studying the hospitalization rates in a city as NYC, inwhibhre  Since the open data about ozone available is only referred to
are pronounced socioeconomic and environmental di erencesummer months, we selected as dependent variable a subset of
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FIGURE 2 | (A,B) Results of the GWR using the average yearly PM2.5 concentiiah as covariate. The yearly value is not a good predictor in ast of the city. (C,D)
Results of the GWR using the ozone summer concentration as a@riate and the summer hospitalization rate as dependent vable. The relation is misleading in most
of the city, indicating.

hospitalizations occurred from June to September 2014. Resuliseas close to industrial facilities and large highwdygure 3

are misleading and not reliable, since in most of the Bys low,  shows that the higher concentration of Black people in NYC
and jis generally negative. The overall correlation 0s2186 takes place in the same areas where the higher hospitalization
and the P-Value is 0.164. This could be due to (i) higherrates are. This phenomenon is mostly con rmed by the results
in uence of socioeconomic conditions than air pollution ihé  of the GWR applied with the percentage of Black people as
hospitalizations rate, (ii) low signi cance of averaged ptotin  covariate, the results of which are visibleRigures 5C,D The
data of a long period, that hides peaks and daily variationsverall P-Value is 4.94 10 4 and the correlation coe cient
that can have an important e ect on asthma. The GWR resultss 0.5143.

regarding this part are shown iRigure 2

Poverty Rate
Race As shown in the previous section, air pollution in NYC has
Several previous studieg7) suggested that race and ethnicity a limited e ect on the number of asthma hospitalizations in
can be related to asthma risk and development. This ithe city, whereas the poverty rate has a high correlation with
partially con rmed by our stepwise regression, that found ait (P-Value 5.93 10 13 Correlation Coe cient 0.855). To
relation between asthma hospitalizations and percentage ofvestigate if and how this correlation varies throughdu city,
Black, Hispanic, and White populatiofiable 2shows the results we applied GWR also to the 2014 poverty rate in the di erent
of a rst explorative analysis on the hospitalization rates pemneighborhoodsFigure 4shows the ; and R% parameters in the
race in the ve boroughs: each value is calculated as the mumbdi erent areas of the city. It is noticeable that in most of tbigy
of hospitalizations divided by the number of people identifying 1 is positive and?? has values 0.5. This means that in most of
as the speci c race considered. Several things can be noticebe city the probability of observing asthma attacks incesasith
in the Bronx, Brooklyn and Queens, where the overall asthméhe poverty rate. In contrast with this, an area between south
rate is the highest, the hospitalization rate is higher foadRl west Brooklyn and east Staten Island shows valug® aflose
people. Previous studie§ 29 suggested that in several to 0, meaning that in those neighborhoods the relation found
areas of the USA Black people and Latinos tend to be mors not reliable, and further analyses on those neighborisood
easily exposed to damaging pollutants since they usuallyrive are required.
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TABLE 2 | Percentage of people belonging to each race that was hospitized in people with private insurance2¢, 32). Our analysis con rmed
2014 in each of the 5 Boroughs. that even insurance coverage can be a predictor for asthma
hospitalizations in the high-rate areas of NY&igure 8shows the

Borough Black Hispanic White Asian Other ; .

results of the regression using the percentage of people ablgre
Bronx 0.0213 0.0015 00011  0.0008 0031  Medicaid as covariate (Correlation 0.7188value 11.1 10 7).
Brooklyn 0.5951 0.1520 0.5606 0.1043 0.6203 The areas with the higher hospitalizations rate are the saitie w
Manhattan 0.0149 0.01 0.0144 0.0017 00515 the higher Medicaid coverage, and also the same with the higher
Queens 1.3909 0.3003 0.6689 0.0287 0.4692 1andR2.
Staten Island 0.069 0.006 0.0026 0.001 0.0211

Other Social and Environmental Factors

In order to make our study as comprehensive as possible, we
tested some other parameters. There are many other social and
The Effect of Age environmental factors that have been found to have an e ect on
It has been previously demonstrated that age is linked with thysthmain previous research, one of them is obesisy. Figure 9

risk of asthma, as children and teenagers are more likely 8'S  spows that the higher obesity rates in NYC are between the
from it (30). Since services and cost of living vary throughout thEBronx, Upper Manhattan and East Harlem, south-east Brooklyn
city, the population age distribution changes among the diréré ang north Staten Island. According to the GWS results there
neighborhoods in NYC: as shown Higure 5, population aged js a positive relation between obesity and hospitalizations i
under 18 tends to concentrate in the central areas of the Brong| the city, with high signi cance value in Upper Manhattan
and east Brooklyn/west Queens, whereas the highest rates @§pecially East Harlem), Queens/east Brooklyn and nortst-we

population aged more than 65 can be found in Manhattangiaten Island. The overall correlation coe cient is 0.67@lahe
east Queens, peripheral areas of the Bronx and south-wesistatisticP-Value is 7.69 10 7.

Brooklyn. FurthermoreFigure 6shows that the age distribution  Among other environmental factors that may in uence

of patients hospitalized for asthma in 2014 has the same shaggihma outcomes, we tested also the percentage of land used
in all neighborhoods, with a primary peak in young age and oy industrial activities, and found, as shown Figure 1Q that
secondary peak after the age of 40. The average hospitaiizatipere is a positive signi cant relation in the Bronx, whereeth
age changes in all the boroughs (from 31 in the Bronx t0 4§ospjtalization rate is higher, and in some other spots in Btgo

in Staten Island, se@able 3 for details), and after running and Queens. This could lead to the assumption that even if
a one-way ANOVA test, we found that all age dierencesin 5 Jong-term measurement air pollution is higher in other
between boroughs were statistically signi caRt\alue< 0.05)  neighborhoods, like in Manhattan, the presence of a lot of

apart from the ones between Manhattan and Staten Islanghqustrial sites could provoke brief local pollution peaks ttha
and Brooklyn and Queens. Therefore, age at hospitalizason oyid be a threat for people with asthma, this topic requires
signi cantly lower in the Bronx than in all the other borough  f,rther investigation.

as itis lower in Brooklyn and Queens if compared to Manhattan  apgther parameter that was surprisingly found to be
and Staten Island. This is an interesting nding consideriat  correlated with the hospitalization rate is the garbage ctny
the age-adjusted asthma prevalence per 100 individuals is 6.2/t (Correlation 0.7374P-Value 2.55 10 8). In most of the
the Bronx, 3.8 in Brooklyn, 4.6 in Manhattan, 3.7 in Queend an city, especially the areas with the highest hospitalizatites,

5.7 in Staten Island¥(]) (data of the year 2002), therefore the pigher recycling rates correspond to lower asthma hospititn
areas with the higher prevalence are not the same with theshighates, as shown ifigures 10C,D

hospitalization rates.
Figures 5C,0 shows that GWR applied to percentage of

people aged under 18 (Correlation 0.6383\Value 5.27

10 6) shows that in the areas with the higher prevalence an

Multivariate Analysis
55WR can be also performed testing several covariates at the
Same time, creating a multivariate model. The advantage of

hospitalizations rate (i.e., the Bronx and east Brooklynl!westhiS kind of model is the ease of comparison of the e ects of

Queens), 1 is posmvg a_ndRZ is high, this happens al_so " dj erent variables, that allows to spot outliers, confounsi@nd
central Staten Island; using the percentage of population OV&Llations between di erent factors. Since the univariatsutes
65 as covariate (Correlatior0.5342,P-Value 2.69 10 %) it : ’

can be noticed that in the same areasis negative, therefore as well as several studies published in literature, higtdidjhow

high rates of older people prevent hospitalization rates fronpoverty _rate and race plfay an important role in increasing the
rising (Figure 7) probability to get hospitalized for asthma, we created an g@tam

of multivariate GWR that combines poverty rate and percentage
of people identifying as Black and Hispanic. The underlying
model can be described by the following equation, valid mte
%oint where the GWR is performed:

Health Insurance Coverage

The exploratory analysis through spatial clustering shovired t
there is a connection between lack of health insurance an
hospitalizations. In addition, several studies demonstiathat o
people with no insurance or with public insurances such as ~ HospitalizationsD  oC 1 PovertyC > %Black
Medicaid and Medicare tend to visit the ED more often that C 3 Y%Hispanic
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A P ge of lation identifying as Black B 2014 Asthma Hospitalization Rate (per 100,000)

[10,000000 - 1,347397
[11,347398 - 2,538728
[12,538729 - 4,861628
[14,861629 - 8,806003
518,806004 - 12,404866
I 12,404867 - 20,944907
I 20,944908 - 27,865493
I 27,365494 - 33133150
33133151 - 67,142279
I 67,142280 - 83,008997
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155,099999 - 69,699997

1431.68
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92328
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58435

414.89

245.42
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9351

FIGURE 3 | (A) Percentage of black people in the 42 districts in NYC. The hlgest numbers can be seen in the Bronx, in Harlem and East Hare, South-East Queens
and East Brooklyn, especially Crown Heights, Flatbush andBwnsville. Most of these areas are the same in which the hosglization rate is high, visible iB). (C,D)
GWR results using the percentage of people identifying as &tk as covariate. The correlation is positive and reliable most of the city, especially all Manhattan, the
Brooklyn-Queens border, Staten Island and South Bronx.

Poverty - 1

1854.71

1612.25

1369.79

1127.33

884.87

642.41

399.95

157.49

-84.97

-327.44

-569.90 g

FIGURE 4 | GWR results using the poverty rate as covariate. The relatids strongly positive and reliable in most of the city, the dp exception is an area between
South-west Brooklyn and East Staten Island.

Results are visible irFigure 11 On the left side of the values are 1.96 (5% con dence level) and 2.58 (1% con dence
image, maps of thé coe cients are shown, whereas panelslevel). Figure 12 shows the percentage of Hispanic people in
in the right side show the correspondent signi cance mapshe di erent neighborhoods on the left side (useful for the
based on the t-statistic values. In detail, we created &nalysis reported below in this section) and the gloB&lof
signi cance levels: Non-Signi cant (NS), Partially Sigaint  the model. Several interesting phenomena can be noticed in
(PS), Signicant (S). The correspondent t-statistic th@sh these gures:
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A Percentage of Population under 18 B 2014 Asthma Hospitalization Rate (per 100,000)
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FIGURE 5 | (A) Percentage of population aged under 18, most of it is concemted in the Bronx and central-east Brooklyn, where also thasthma hospitalization rate

is higher, as visible inB). (C,D) Results of GWR using the percentage of population aged undet8 as covariate. The correlation is positive and reliable imost of the
areas with higher hospitalization rate.
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FIGURE 6 | Distributions of patients' age at the moment of hospitalizeion through the year 2014, for the whole city and the 5 Borous separately.
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RZ is extremely high in all the region, therefore the linear
model is globally reliable;

Considering poverty and percentage of Black population,
the correspondent are always positive, indicating a
positive correlation between either of these factors and the
hospitalization rate;

In general, the higher the, the higher the level of signi cance.
Therefore, in the neighborhoods in which we found that high
variables' levels lead to high hospitalization rates, thendo
relations are signi cant;

Low signi cance levels could be due to the e ect of other
confounding variables and to a smaller quantity of dat
available. For instanc&igure 12 left side, shows the values

of the variable associated ta, i.e., percentage of Hispanic
people. It can be noticed that most of the Hispanic population
is concentrated in the Bronx, Upper Manhattan (Harlem, East
Harlem and Washington Heights), in central and west Queens
and some areas of east Brooklyn (Bushwick and south of
Highland Park), plus some isolated spots in west Brooklyn
(Sunset Park) and north Staten Island. Apart from these last
isolated spots, in the same areas in which the concentration
is higher, also the signi cance of the correspondent beta is
high. Hence lower signi cance corresponds to higher scgrcit
of data.

aThese results show that even multivariate geographicalsisal

TABLE 3 | Age at the moment of admission in NYC and in each borough.

Borough Average age Standard deviation Observations
Bronx 30.85 28.24 4289
Brooklyn 39.88 30.14 3927
Manhattan 44.92 29.39 1832
Queens 41.45 32.22 1954
Staten Island 48.55 24.92 397

All 38.03 30.09 12399

can be helpful to describe and visualize important public trealt
phenomena and discover the relations among di erent factors.

DISCUSSION

The relation between air quality and respiratory diseasek asc
asthma is a widely studied topic in the medical literaturespite

the strength of the evidence connecting speci c pollutants to
new-onset asthma is often variable4), Toskala {) analyzed
risk factors associated with its development and found that
the disease is often the result of a complex combination of

FIGURE 7 | (A) Percentage of population aged over 65, most of it is concentited in Manhattan, Staten island, East Queens and South-wed®rooklyn, where the
asthma hospitalization rate is lower, as visible i(B). (C,D) Results of GWR using the percentage of population aged over®as covariate. The correlation is negative
and reliable in most of the areas with low hospitalization te.
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FIGURE 8 | Results of the GWR applied using Medicaid coverage as covate. In the areas with the higher hospitalization rate, the ceelation is positive and
signi cant.

FIGURE 9 | (A) Obesity rate in NYC, it is noticeable that the higher rates arin the same areas in which the asthma hospitalization rate higher (B). (C,D) GWR
results using obesity as a covariate. The relation is gendtg positive.

genetic predisposition and dysfunctional interaction withet matters, which cause oxidative injury to the airways, legdn
environment to which we are exposed. On the other hand, & ammation, remodeling, and increased risk of sensitipati
recent review from Guarnieril(4) pointed out how previous Several studies have addressed the specic e ect of PM 2.5
research almost unequivocally connects pre-existing aathnexposure on the human respiratory system, especially in heavily
exacerbation episodes to air quality and pollution. Amongpolluted areas like metropolitan regions of Chiri), where PM
the most relevant environmental factors is small particallat 2.5 has been shown to have an adverse impact on asthma ED visits
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FIGURE 10 | (A,B) GWR results using the percentage of land used for industriactivities as covariate. The relation is quite strong and sitive in the Bronx.(C,D)
GWR results using the percentage of recycled garbage as covate. Excluding some areas in East Queens, the relation isige strong and negative throughout the city.

even after short-term exposuréf). Kloog (12) also investigated play a fundamental role in determining the hospitalizatioase:
the dual eect of long- and short-term exposure to smallln particular, according to our results a higher risk of astéam
particulate matters on asthma-related deaths in Massadfsiise is associated with poverty, race/ethnicity, age (risk ineesa
reporting their positive correlation with mortality. in younger patients), obesity, proximity to industrial areas
Despite its known link with air pollution, asthma remains a proximity to low recycling areas. We found that poor people
multifactorial disease whose outcomes depend on a multitudand people without insurance or covered by Medicaid are more
of social and environmental phenomena. A big city is thdikely to visit the hospital for asthma, in accordance withyiceis
most suitable environment to study the cause-e ect dynamicstudies that showed a di erent use of the hospitals from people
that lead to asthma complications. Several studies conugrni with di erent kinds of insurance, demonstrating that people
urban areas have been carried out in the past, but thewithout insurance or with public programs such as Medicaid
mostly focus on large geographic areas. Studying asthname more likely to visit ERs. We then found that the age at
hospitalizations at a ner spatial resolution can help to info  hospitalizations is lower in the Bronx compared to the otheyas
policy makers and citizen themselves on the situation irof the city, most of the highest peaks of hospitalization rate a
the dierent neighborhoods, in order to organize targetedin this borough too, as well as a generally higher poverty rate.
interventions and prevent new hospitalizations from happeningn a limited part of the city that includes south-West Brookly
as much as possible. The PULSE project is founded oand East Staten Island, some factors such as poverty, obasity
this principle and aims at spreading it to all the world'sinsurance coverage have little or no e ect on the hospitaiiret
biggest cities. rate. Deepening the analysis, we are able to hypothesize that
In this preliminary study, we were able to show thethis is due to particular conditions of the environment (j.e.
connections between asthma and several environmental ammbllution is low, there are no factories, garbage disposal is
social factors in New York City. Asthma treatment is a commoradequate) and of the population (medium income and generally
topic in NYC, since the New York State healthcare system spendsult) that prevent hospitalizations from happening. Further
1.3 Billion dollars per year for asthma (second highest state investigation in these areas is indeed required, neveztisethis
the US) and current asthma prevalence in adults living in Newdemonstrates that spatial enablement is necessary to aidcpubl
York City is 10.2%, higher than 9.3% of adults who live in thehealth in big cities, providing useful tools both for visualion
rest of the Statel(d). Our results show that socioeconomic factorsand discovery.
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FIGURE 11 | Coef cients (left side) and their signi cance level (right de) for the multivariate model Hospitalization® oC 1*PovertyC »*%BlackC 3*% Hispanic.

FIGURE 12 | On the left: percentage of Hispanics over the total populatn. On the right: gIobaIR2 of the model.
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We found a weak link between asthma and average PM2described in this paper creating more comprehensive and
in 4 out of 5 boroughs, this demonstrates that air pollutionprecise models.
alone doesn't in uence signi cantly the asthma hospitatina One of the nal steps of PULSE is the establishment of the
probability, we also investigated the relation between ezonPublic Health Observatories (PHOSs), that will assist publiitie
concentration and asthma, but results were unreliablettiarr  policy makers in the decision-making process. Hospitalizetio
investigation on the link between pollution and asthmaare an easy parameter to monitor, and knowing in which
hospitalizations may be required, since yearly averaged daéseas their rate is higher and which factors determine their
could be unsuitable to spot the real correlations, as local anoccurrence can be useful to plan targeted interventions and
temporary peaks are not visible. Furthermore, asthma is knowdesign new public policies that can improve health and well-
to be related to dierent kinds of pollutants1f), which can being, reducing also healthcare costs. Thanks to the PULSE
exacerbate the disease through a combined e ect that sorestimsystem, urban health statistical analyses are carried out at
is di cultto detect. Thisis due also to a frequent lack of paiion  a neighborhood level, and population is stratied according
data with a su cient granularity in space and time. In New to a combination of environmental exposure and general
York City, for instance, there are only 13 o cial monitoring features, allowing to understand which population categorie
stations over a 784 kfnarea, and not all of them measure are more at risk and to optimize the health assistance services
the same pollutants. High-quality air monitoring stationsea according to a precision medicine paradigm. Regarding the
expensive, unable to identify pollution hotspots and require apecic links between asthma and risk factors found in this
lot of maintenance 7), whereas small and relatively cheappaper, it cannot be neglected that some of the factors that
sensors are sometimes unreliable. Within PULSE, a high numbéave been addressed are manageable more easily than others
of small and portable sensors are being deployed in each cityy public health authorities, for example tra c reduction and
allowing to generate a dense sensor network and collecthiglear improvements laws can limit air pollution, delocalizatiof
resolution measurements to be used in future analyses regard industrial activities from the city, combined with an inase
air quality. of the number and the extension of green areas can improve

Asthma exacerbation has indeed also some temporal/seasotia environment, food policies and sensibilization campaigns
features, since it has been demonstrated to be correlaten reduce obesity etc. On the other hand, it is quite di cult
with high diusion of respiratory viruses, common in the for a local authority to intervene on factors such as poverty
cold season, and with high pollen concentration in theand insurance, that are related to central health policied an
spring period. It is also known that several of these factorsules. Nevertheless, our ndings demonstrate the utilityooir
have a dierent impact on pediatric asthma rather thanapproach and provide an example of the importance of using
adult asthma. All these facts should be addressed to takeghly spatially-enabled techniques to address health problin
into account all the dierent characters of this diseaseurban environments.
unfortunately availability of open data regarding these ¢spi
especially referenced to a granular geographic subdivisio\UTHOR CONTRIBUTIONS
is limited.

This situation limits also the usability of spatially enable All the authors contributed to this work and approved
model as the ones presented in this paper, in particulathe nal version for submission. DP and EP wrote the
the multivariate linear regression, since the small numbér paper. DP, VC, and MR carried out the analyses reported
observations (42 in our cases, correspondent to the 42 UHi this study. JP granted access to the data and helped
polygons) doesn't allow the inclusion of a large number ofinforming the discussion. RB and VC overviewed the
covariates, leading to a possible bias by endogeneity casid  study and led the work packages of PULSE regarding the
the possible presence of correlation between the covariatgeo-enabled components.
and the error term (that depends on all the other variables
not included in the model). This model can be thereforeEUNDING
better exploited using more data collected in a more granular
spatial description. This work has been funded by the European Commission

Thanks to the comprehensive architecture that the PULSElorizon 2020 Framework programme under grant
consortium is developing, a lot of data is being collectechgreement GA-727816.
from several cities, and more analyses such as the one
presented in this paper will be possible with more recenACKNOWLEDGMENTS
information and even ner spatial and temporal resolution,
and both citizens and public policy makers will be directlyThe authors wish to acknowledge the PULSE consortium for
involved. The large amount of new data collected andheir contribution to this study, and in particular Elisa Fisr,
the high spatial resolution (some of the data collected s&oram Jasani, Kumbie Madondo and JP from The New York
far is currently describable at a zip code level in NYCAcademy of Medicine for providing the data and helping with
i.e., with 264 polygons) will allow to extend the methodsthe interpretation of the results.
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