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Abstract: The spread of COVID-19 is not evenly distributed. Neighborhood environments may
structure risks and resources that produce COVID-19 disparities. Neighborhood built environments
that allow greater flow of people into an area or impede social distancing practices may increase
residents’ risk for contracting the virus. We leveraged Google Street View (GSV) images and computer
vision to detect built environment features (presence of a crosswalk, non-single family home,
single-lane roads, dilapidated building and visible wires). We utilized Poisson regression models
to determine associations of built environment characteristics with COVID-19 cases. Indicators of
mixed land use (non-single family home), walkability (sidewalks), and physical disorder (dilapidated
buildings and visible wires) were connected with higher COVID-19 cases. Indicators of lower
urban development (single lane roads and green streets) were connected with fewer COVID-19
cases. Percent black and percent with less than a high school education were associated with more
COVID-19 cases. Our findings suggest that built environment characteristics can help characterize
community-level COVID-19 risk. Sociodemographic disparities also highlight differential COVID-19
risk across groups of people. Computer vision and big data image sources make national studies of
built environment effects on COVID-19 risk possible, to inform local area decision-making.

Keywords: COVID-19; built environment; big data; GIS; computer vision; machine learning

1. Introduction

The COVID-19 pandemic has caused approximately 150,000 deaths in the United States as of
29 July 2020 [1], and has had unprecedented negative effects on the U.S. economy and households
in numerous ways. The unemployment rate rose up to 14.9% in April and the GDP fell by 1.2% in the
first quarter in 2020, which is the largest decline since the Great Recession [2,3]. Yet the negative impacts

Int. . Environ. Res. Public Health 2020, 17, 6359; doi:10.3390/ijerph17176359 www.mdpi.com/journal/ijerph


http://www.mdpi.com/journal/ijerph
http://www.mdpi.com
https://orcid.org/0000-0003-4745-6681
https://orcid.org/0000-0003-3178-180X
https://orcid.org/0000-0002-7543-4247
http://dx.doi.org/10.3390/ijerph17176359
http://www.mdpi.com/journal/ijerph
https://www.mdpi.com/1660-4601/17/17/6359?type=check_update&version=2

Int. |. Environ. Res. Public Health 2020, 17, 6359 20f13

of COVID-19 are not evenly distributed. About half of lower-income U.S. households lost employment
income. About 62% of Hispanics and 57% of Black adults were in households that experienced
employment income loss compared to 45% of whites [4]. Moreover, the spread of COVID-19 is not
evenly distributed. Racial/ethnic disparities in COVID-19 infection and mortality are coming to light,
with disproportionate numbers of COVID-19 cases and deaths among racial/ethnic minorities compared
to non-Hispanic whites [5,6]. Some of these differences reflect the living and social conditions faced by
racial/ethnic minorities. For instance, institutional racism that produced residential segregation may
increase the likelihood that racial/ethnic minorities live in densely populated areas with substandard
and crowded housing conditions impede social distancing [7,8]. A recent analysis suggested that
counties that are predominately black have three times the infection rate of COVID-19 compared to
white majority counties [9,10].

COVID-19 can spread through droplets that are released when people talk, cough or sneeze or
when people touch a contaminated surface and then touch their nose or mouth [11]. Research has
identified a myriad of important factors that influence COVID-19 transmission including anti-contagion
governmental policies [12], community adherence to preventative health behaviors (e.g., mask wearing,
social distancing) [13] and other environment characteristics like air pollution. Emerging research has
found higher levels of air pollution may increase COVID infection rates as well as COVID-related
mortality, possibly because particulate matter can act as a carrier of the virus and also compromise
the baseline health of communities that have chronic exposure to air pollution [14]. In the current
study, we focus on a neglected area of research, the potential relationship between built environment
characteristics and COVID-19 cases. To conduct this investigation, we utilized the largest collection
of Google Street View images that has been leveraged for public health research to characterize
neighborhood environments. In examining associations between built environment characteristics and
COVID cases, we controlled for demographic compositional characteristics of areas and population
density, which has previously been utilized in econometric studies as a proxy for air pollution and
other factors found with greater prevalence in urban areas [15,16].

Neighborhood environments may structure risks and resources [17] that produce COVID-19
disparities through several pathways. Firstly, neighborhood built environments that allow greater flow
of people into an area or impede social distancing practices may increase residents’ risk for contracting
the virus. A recent study that used data from pregnant women in New York City revealed that
overcrowding housing units have higher chances of contracting COVID-19 [18]. Neighborhoods with
a mixture of residential and commercial uses (e.g., high prevalence of grocery stores and businesses),
multiple lanes of traffic, and higher density of sidewalks, may allow more people to congregate
in an area and more easily spread COVID-19.

Additionally, previous studies found that physical disorder in the neighborhood environments is
significantly associated with higher prevalence of chronic diseases [19] and poor self-rated health [20],
which also increases the chances of contracting COVID-19 [21,22]. Physical disorder refers to features of
the environment that signal decay, disrepair, and uncleanliness. Examples of neighborhood indicators
of physical disorder include vacant or abandoned housing, vandalized and run-down buildings,
abandoned cars, graffiti, and litter [23]. Physical disorder is often interpreted as an indicator of
low neighborhood quality [24]. Physical disorder is hypothesized to indicate a breakdown of social
disorder and control, which reduces individual well-being and increases fear, mistrust, isolation,
anger, anxiety, and demoralization [25]. Mechanisms proposed include the daily stress imposed
by environments that are deemed unsafe. Previous research has connected physical disorder with
an array of detrimental health outcomes including worse mental health, higher substance use, physical
functioning and chronic conditions [26]. Physical disorder might also indicate fewer resources for
infrastructure maintenance and investment. Communities with poor-quality housing stock may have
less healthy indoor conditions, with consequences for baseline respiratory health.

In this study, dilapidated buildings and visible utility wires overhead were utilized as indicators
of disorder. Visible utility wires hanging overhead are visually striking and may impact residents’
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aesthetic sense of their environment, altering perceptions of safety or pleasurability and influencing
both mental health (by affecting stress levels) and physical health (by disincentivizing walking).
Other studies that have examined this indicator have been done outside the U.S., where they may also
represent an unsightly presence and electrocution/electrical fire risk [27]. Computer vision models
have struggled with small objects, precluding us from labeling other indicators of physical disorder
such as litter or trash [19].

Investigations into neighborhood conditions are typically conducted on small scales for only
certain cities or neighborhoods [28,29]. When conducted, neighborhood data collection is expensive and
time consuming, and then only available for certain time periods. Currently, detailed neighborhood
data come from neighborhood surveys, administrative data such as census data, and systematic
inventories of neighborhood features. Subjective assessments of neighborhoods from community
residents can help identify factors that residents believe are most important to their health and increase
understanding on how individuals differentially use and interact with their environment. However,
self-reported neighborhood data can be influenced by participants” health status and cognitive function,
resulting in “single source bias” [30]. The other neighborhood data we do have is mainly data on
demographics (e.g., percent black). To our knowledge, our study is the largest to date using zip
code level cases from 20 states to investigate associations between built environments and COVID-19
cases. Previous studies examining the distribution of COVID-19 cases are only focused on one or two
states [31-33] or larger geographies like counties [34].

Google Street View (GSV) images represent a massive, publicly available data resource that has
high potential but is very underutilized for health research. It can be used to extract information on
physical features of the environment at point locations all over the country. Consistently constructed
neighborhood quality indicators across large areas are severely lacking. While some studies have
used human coders to classify environmental features seen in Google Street View images [35] this
approach is not feasible on the massive scale necessary to compare thousands of U.S. neighborhoods.
The development of data algorithms that can automatically analyze big data sources such as street
view images will create a new national data resource for timely decision-making to mitigate the impact
of COVID-19 and future outbreaks on health and health disparities. The purpose of characterizing
built environments that have higher COVID-19 risk is to identify places where additional safeguards
and resources are needed.

Study aims and hypotheses. In this study, we investigated how the built environments affect
COVID-19 cases at the zip code level. We utilized 170 million GSV images sampled at 50 meters apart
and computer vision models to comprehensively characterize neighborhood conditions across the
United States. From GSV images, we created indicators of urban development (non-single family
home, single lane roads), walkability (crosswalks, sidewalks), and physical disorder (dilapidated
building, visible utility wires). We hypothesize that built environments characterized by greater urban
development, walkability, and physical disorder will have higher COVID-19 infection rate.

2. Materials and Methods

Street View image data collection. We utilized Google Street View’s Application Programming
Interface (API) to capture street view images of our search set. Image resolution was 640 x 640 pixels.
We surveyed all U.S. roads and obtained 4 images from each sample location with angle views at 0,
90, 180, and 270 degrees, thus permitting fuller capture of the surrounding area of a point location.
In total, 164 million images were obtained in November 2019.

Image data processing. Convolutional Neural Networks (ConvNets) [36-38] achieve
state-of-the-art accuracy for several computer vision tasks including but not limited to object recognition,
object detection, and scene labeling. For example, the state-of-the-art accuracy of ImageNet [39] with
1000 categories and over one million image samples is improved every year using ConvNet-based
methods. The ImageNet dataset contains images from various categories (e.g., “moped”, “Granny Smith
apple”) and corresponding category labels. Models trained on this dataset use trial and error to learn
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combinations of colors, shapes, and textures that are relevant to a wide variety of image interpretation
tasks, and therefore can be used as a starting point for creating computer vision models for tasks where
labeled training data is scarce. A ConvNet model “pre-trained” on ImageNet can be “fine-tuned”
using a smaller amount of training data from the desired task, which delivers strong classification
performance without requiring the vast training data and computational resources necessary to train
the original ConvNet.

Neighborhood definitions. Zip codes were utilized as neighborhood boundaries because various
health departments across the country are releasing COVID-19 cases by zip code. To arrive at the
neighborhood indicators, we processed street imagery and then combined information on all street
imagery within a zip code to arrive at zip code-level summaries (e.g., the percentage of images in a zip
code that contain a sidewalk).

Built environment indicators. To create a training dataset for our computer vision models,
from December 2016-February 2017, we manually annotated 18,700 images (from Chicago, Illinois;
Salt Lake City, UT; Charleston, West Virginia; and a national sample). These locations were chosen
to capture heterogeneity in neighborhood environments across geographically and visually distinct
places with varying population densities, urban development, and demographics. Labelers included
the principal investigator and three graduate research assistants. Inter-rater agreement was above
85% for all neighborhood indicators. Each image received labels for these binary neighborhood
characteristics: (1) street greenness (trees and landscaping comprised at least 30% of the image—yes/no),
(2) presence of a crosswalk, (3) single lane road, (4) building type (single-family detached house vs.
other), and (5) visible utility wires. Green streets were utilized to indicate lower urban development.
Single lane/residential roads limit the number of cars and hence flow of people. Non-single family
home was utilized as an indicator of residential and commercial mixture. Crosswalks were utilized as
an indicator of walkability. Visible utility wires were utilized as indicators of physical disorder.

We randomly divided the dataset into a training set, a validation set, and a test set. The training
and validation set contained 80% of total labeled images and the remaining 20% was used as a test set
to evaluate the model’s performance. Once the hyper-parameters were chosen, each model architecture
was trained multiple times. Note that neural network training is stochastic even when starting from
the same initialization and using the same training set, therefore, multiple training runs are used to
assess the mean and standard deviation of the error. The testing set remained unobserved until the best
models had been selected using the training set. We assessed the final quality of the model using the test
set. We first resized all the images to the size 224 X 224 for processing. We then trained a standard deep
convolutional neural network architecture—Visual Geometry Group VGG-19 [36] in Tensorflow [40]
with sigmoid cross entropy with logits as the loss function. The weights of the network were initialized
from ImageNet weights. Adam optimizer was used with batch size 20. Training took 20 epochs and
started with learning rate 107*. We considered the model saved in the last epoch as our final model.
Accuracy of the recognition tasks (agreement between manually labeled images and computer vision
predictions) were the following: street greenness (88.70%), presence of crosswalks (97.20%), non-single
family home (82.35%), single lane roads (88.41%), and visible utility wires (83.00%). These figures were
consistent with a separate, semi-supervised learning approach. Below, we describe the model building
process for two additional neighborhood indicators that utilized different training datasets.

Dilapidated building indicator. Our training dataset consists of approximately 29,400 Google
Street View images captured from Baltimore and Detroit based upon administrative lists from city
governments on vacant buildings and buildings marked for demolition from 2014-2018. We randomly
split this dataset in the ratio 80:20 for validation to obtain about 23,500 images for training and 5900 for
validation. The dataset has an equal number of normal and dilapidated buildings. We then trained
a standard deep convolutional neural network architecture- ResNet-18 [38] in Pytorch [41] with NLL
loss as the loss function. For the dilapidated building indicator, the ResNet-18 model produced
an accuracy of 89.1% and a F1 score of 89.1.
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Sidewalk indicator. Our training dataset consists of about 24,316 images captured from Google
Street View from New Jersey that had been manually labeled. We randomly split this dataset in the
ratio 80:20 for validation to obtain 19,452 images for training and 4864 for validation. The minority
label images were oversampled so that the dataset has an equal number of sidewalk present and absent
cases. We then trained a standard deep convolutional neural network architecture—ResNet-18 [38]
in Pytorch [41] with NLL loss as the loss function. For the sidewalk indicator, the ResNet-18 model
produced an accuracy of 84.5% and a F1 score of 81.0.

COVID-19 cases. To our knowledge, there is no national data source for zip code COVID-19
cases, with the Centers of Disease Control and Prevention and John Hopkins COVID-19 Map only
showing county level cases as the lowest level of geography. To obtain zip code COVID-19 cases,
we visited state and county health departments that had COVID-19 information (31 websites in total;
12 websites utilize ArcGIS dashboards, and 19 utilized a mixture of pdfs, csv files, and Tableau/PowerBI
embedded websites). Data were obtained from official government websites and actively maintained
GitHub repositories using various methods. This collection process was automated using Python
packages including scrapy, selenium, beautifulsoup, and requests. Specifically, for websites with
ArcGIS map layer, we used ArcGIS query services to query the feature layer; for websites with CSV
data files to download, we automated the download process from the websites; for static website
tables, we leveraged scrapy or beautifulsoup packages to harvest the web content; for websites with
PDF files, we first downloaded the PDF files and utilized OCR technology to convert the data into the
CSV format. Some states have report data for all zip codes, but others only report for certain cities
or counties. Zip code confirmed COVID-19 cumulative cases as of 21 June 2020, were obtained for
Arizona, California (Sacramento County, San Francisco County, San Diego County), Colorado (Weld
county), Georgia (Fulton County), Florida, Illinois, Maryland, Michigan (Monroe County, Kent County),
Missouri (St. Louis), New Mexico, New York City, North Carolina, Oklahoma, Oregon, Pennsylvania,
Rhode Island, Texas (Harris County, Fort Bend County, Travis County, Collin County, Denton county,
Tarrant County), Utah (Salt Lake City), Virginia, Washington State (Spokane County). COVID-19 cases
varied across zip codes with some zip codes reporting zero or few cases and others reporting hundreds
of cases. About 50% of zip codes had 15 or fewer cases (“cold spots”) and 10% had 250 or more cases
(“hot spots”). In this study, we investigated whether zip code built environments can help explain
some of the variation in COVID-19 cases across 20 states.

Statistical Analyses

For each zip code, we calculated the percentage of total number of images that contained
a given built environment indicator (e.g., number of images with a sidewalk/total number of images)
*100 = percent with sidewalk. From there, we created tertiles and classified each zip code based on their
percentage, with the lowest tertile as the reference group. We fit Poisson regression models to estimate
associations between GSV-derived built environment characteristics and COVID-19 cases, controlling
for potential confounding variables. Log of total population at risk was used as the offset variable,
to account for varying population sizes across zip codes. Goodness-of-fit chi-square tests indicated
the data fit with the Poisson model form. All predictor variables were standardized with a mean of
0 and a standard deviation of 1. Coefficients from Poisson regression models were exponentiated to
arrive at estimates of incidence rate ratios for a one-unit change in the predictor variable (i.e., one
standard deviation change). Separate regressions were run for each built environment indicator given
moderate associations between the built environment indicators that varied from —0.23 for single lane
roads and visible wires to —0.83 for green streets and non-single-family homes. Models controlled
for population density, household size, median age, household income, poverty rate, unemployment,
percent with less than a high school education, percent Asian, percent Black, and percent Hispanic.
Covariate information was obtained from the American Community Survey 2018 5-year estimates, with
the exception of population density and household size which were obtained from the 2010 US Census.
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We hypothesized that zip codes with more crosswalks and sidewalks (indicators of walkability),
non-single family homes (an indicator of mixed commercial/residential uses), more visible wires and
dilapidated buildings (indicators of physical disorder) would be associated with more COVID-19 cases.
We hypothesized that zip codes with more single lane roads (an indicator of lower urban development)
would be associated with fewer COVID-19 cases. Stata IC15 (StataCorp LP, College Station, TX, USA)
were used for all data analyses. This study was approved by the University of Maryland Institutional
Review Board.

3. Results

Figure 1 presents examples of processed Google Street View images. Predictions were
algorithm-derived labels for neighborhood features. “True” labels were manual annotations provided
by the research team. Our computer vision model was able to classify even winter scenes as “green
streets” because the model was trained with manually annotated images to recognize tree branches
as landscaping.

green 30 - prediction: 1 true label: 1
crosswalks - prediction: 1 true label: 1
not SFH - prediction: 1 true label: 1

green 30 - prediction: 1 true label: 1
crosswalks - prediction: O true label: 0
not SFH - prediction: O true label: 0

(@) (b)

Figure 1. Example processed Google Street View images for green street, presence of crosswalks, and
“not single family home” indicators. Predictions were algorithm-derived labels for neighborhood
features. “True” labels were manual annotations provided by the research team. (a) presents a residential
scene with single family homes, ample street landscaping, and no crosswalks present. (b) presents
a mixed-use neighborhood with ample street landscaping, and a crosswalk present.

Table 1 displays descriptive statistics at the zip code level. On average, approximately 25% of
images in a zip code contained a building that was not a single family home, 20% of images had
a sidewalk, 2% with a crosswalk, and 44% with visible utility wires. Dilapidated buildings had
a prevalence of 18%, while single lane roads (65%) and green streets were more prominent (87%)
(Table 1). We examined COVID-19 cases in 8171 zip codes across 20 states in the United States with
an average of around 546 cases per 100,000.

Table 1. Descriptive statistics, zip code level.

Characteristic Number of Images Number of Zip Codes Mean (Standard Deviation)
Google Street View

Non-single family home 164,443,190 30,556 25.62% (21.10)
Sidewalks 164,443,190 30,556 19.50% (24.31)
Crosswalks 164,443,190 30,556 1.56% (3.17)

Visible wires 164,443,190 30,556 44.14% (16.81)
Dilapidated building 164,443,190 30,556 18.04% (11.40)
Single lane road 164,443,190 30,556 65.47% (14.31)
Green street 164,443,190 30,556 87.08% (15.70)

COVID-19 outcomes
Cases per 100,000 8171 545.86 (1353.86)
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Table 2 presents the results of our Poisson regression analyses examining the relationship between
GSV-derived built environment characteristics and COVID-19 cases. We found that zip codes with
a standard deviation increase in sidewalks had 40% more cases (Table 2). A standard deviation increase
in crosswalks and non-single family homes was associated with 14% and 21% more cases, respectively.
We also found that indicators of physical disorder such as dilapidated buildings or visible utility wires
were associated with more cases. Alternatively, single lane/residential roads and green streets were
associated with fewer cases. Zip codes with a standard deviation increase in single lane roads and
green landscaping had 10% and 4% relative fewer COVID-19 cases, respectively.

Additionally, population characteristics associated with increased coronavirus cases included
household size, percent with less than a high school education, percent racial/ethnic minorities
(in particular percent Black), and population density. Estimates for covariates varied because the
GSV-derived variable was different in each of the models. Correlations between covariates and
the particular GSV-derived characteristic differed and hence the coefficient estimates for covariates
also differed. Nonetheless, the variation in estimates for covariates was generally small/moderate.
Across models, a standard deviation increase in percent with less than a high school education was
associated with 42-54% increase in COVID-19 cases. Across models, percent black was associated with
17-29% increases in coronavirus cases. A standard deviation in population density was associated
with 1-4% more coronavirus cases.

Mobility changes during the COVID-19 pandemic may have increased the importance of
neighborhood environments. Google’s community mobility report [42] indicates that out of six
categories of movement (retail and recreation, grocery and pharmacy, parks, transit stations, workplaces,
and residential), movement volumes declined in all categories except residential and parks (Figure S1).
Consequently, the neighborhood environment is crucial for containing the spread of coronavirus,
as more residents may have limited activities to their immediate neighborhood surroundings.

Table 2. Associations between built environment characteristics and zip code level coronavirus cases,
20 States.

Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio  Rate Ratio Rate Ratio

Characteristic 95%CI)  (95%CD)  (95%CD)  (95%CD  (95%CI)  (95% CI) (95% CI)

GSV indicators

. . 1.21
Non-single family home (1.16,1.25)
. 1.40
Sidewalks (1.34,1.46)
1.14
Crosswalks (1.10, 1.18)
. . 1.08
Visible wires (1.03,1.13)
- g 1.03
Dilapidated building (0.99,1.08)
. 0.90
Single lane roads (0.86, 0.94)
0.96
Green streets (0.92, 1.00)
Covariates
Household size 1.03 1.02 1.03 0.99 0.98 1.00 0.98
0.99,1.07)  (0.99,1.06) (0.99,1.07) (0.95,1.03) (0.94,1.02) (0.96,1.04)  (0.94,1.02)
Median household income 117 1.12 1.15 1.18 117 1.16 117
(1.13,1.22)  (1.08,1.17) (1.10,1.20) (1.13,1.23) (1.12,1.21) (1.11,1.20)  (1.12,1.22)
Poverty rate 1.11 1.09 1.16 1.20 1.21 1.16 1.20
y (1.05,1.18)  (1.03,1.16) (1.09,1.23) (1.13,1.27) (1.14,1.28) (1.09,1.23)  (1.13,1.27)
1.42 1.54 1.47 1.46 1.49 143 1.47

. .
%o Less than H.S. education (1.32,152) (1.43,1.65) (1.37,157) (1.36,1.57) (1.39,1.61) (1.32,1.53)  (1.36, 1.58)
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Table 2. Cont.

Rate Ratio Rate Ratio Rate Ratio Rate Ratio Rate Ratio  Rate Ratio Rate Ratio

Characteristic ©95%CD  (95%CD  (95%CID  (95%CI)  (95%CD  (95%CD  (95% CI)
Civilian emolovment 1.07 112 1.07 1.05 1.05 1.03 1.05
vi ploy (099,1.16) (1.04,1.20) (0.99,1.15) (0.97,1.14) (0.97,1.14) (0.96,1.12)  (0.97,1.14)
% Asian 1.04 0.98 1.05 1.07 1.07 1.07 1.07
o Asi (1.02,1.07)  (0.96,1.01) (1.02,1.08) (1.04,1.10) (1.04,1.10) (1.04,1.10)  (1.04,1.10)
9% Black 1.25 1.17 1.26 1.29 1.29 1.29 1.29
o (1.22,129)  (1.13,120) (1.22,1.30) (125 132) (1.26,1.33) (1.25132)  (1.26,133)
9% Hispanic 1.13 1.02 1.13 1.19 1.19 1.19 1.20
o Hisp (1.08,1.18)  (0.98,1.07) (1.08,1.18) (1.14,1.24) (114,125 (1.15124)  (1.15,1.25)
Ponulation densit 1.01 1.01 1.02 1.04 1.04 1.03 1.04
P ¥ (1.00,1.02) (1.00,1.02) (1.01,1.03) (1.03,1.05 (1.03,1.05) (1.02,1.04)  (1.03,1.05)
Median ase 1.07 1.01 1.05 1.04 1.03 1.06 1.04
8 (1.00,1.16)  (0.94,1.09) (0.97,1.13) (096,1.12) (0.96,1.11) (0.98,1.14) (0.9, 1.12)
Adjusted R-square 0.4416 0.4818 0.4370 0.4223 0.4202 0.4253 0.4207

All variables were standardized with a mean of zero and a standard deviation of 1. Adjusted Poisson regression
controlled for the following zip code level demographics: population density, median age, household income,
poverty rate, unemployment, percent with less than a high school education, percent Asian, percent black, percent
Hispanic. Log of total population was used as the offset. Zip code coronavirus cases obtained for Arizona, California,
Florida, Georgia, Illinois, Maryland, Michigan, Missouri, New York, New Mexico, North Carolina, Ohio, Oklahoma,
Pennsylvania, Rhode Island, Texas, Utah, Virginia, Washington, Oregon. N = 7625 zip codes.

4. Discussion

Our study finds that neighborhood built environment may influence the spread and containment
of COVID-19. Leveraging Google Street View Images, we found that single-lane/residential roads and
green streets were associated with fewer cases, while non-single family homes, sidewalks, and physical
disorder were associated with more cases in the neighborhood. In other words, COVID-19 risk is
highest in more built-up, more walkable, and more physically deteriorated zip codes, and lower in zip
codes with smaller, greener streets. These associations persist after controlling for urbanicity and
sociodemographic indicators, suggesting a meaningful role for the built environment in influencing
COVID-19 risk. The study is one of the first to investigate the effect of neighborhood built environment
on the spread of coronavirus at the zip code level.

Single-lane/residential roads and green streets are indicators of lower urban development and
lower social contacts. Green streets are especially prevalent in rural areas and suburban areas.
Conversely, neighborhood environment indicators such as non-single family homes, sidewalk presence,
and physical disorder may facilitate the spread of coronavirus. The ability to perform social distancing
is not equally distributed across neighborhoods, and it is more difficult to achieve in highly developed
urban areas. One study found that it is impossible to implement effective social distancing in urban
areas with homes in close proximity to each other, such as Cape Town [43]. The same argument can also
be applied to densely populated areas such as New York City, which was the epicenter of the COVID-19
pandemic in the U.S. Residential settings other than single-family homes—for instance, apartment
complexes—are more likely to be the source of infectious disease outbreaks. In 2003, the SARS outbreak
started in a 33-floor apartment block in Hong Kong [44]. Shared elevators and shared space are
both risk factors for COVID-19 infection. Sidewalks, on the other hand, are likely associated with
more walking, and the majority of neighborhood sidewalks do not allow pedestrians to maintain
the CDC-recommended 6-foot distance. In this study, we find that indicators of physical disorder
(dilapidated buildings and unsightly visible utility wires) were connected with more COVID-19 cases,
possibly due to worse health and higher comorbidities that increase in disorderly neighborhoods.

Our study is significant because it strives to identify and make available novel indicators of
neighborhood quality by leveraging big data resources and furthering the application of computer
vision. We utilized Google Street View images as a time- and cost-efficient data source for the
characterization of built environments involving close to 170 million images sampled 50 m apart.
The inclusion of 20 different states with varying built environments and COVID-19 burden further
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strengthened our study. Our study found that neighborhoods with greater urban development,
higher walkability, and physical disorder had higher coronavirus cases.

Nonetheless, our study also has limitations. The cross-sectional study design inhibits causal
inference. Although we have observed strong associations between neighborhood built environment
indicators and coronavirus prevalence, we cannot conclude that these characteristics cause higher
COVID-19 rates. Additionally, we were not able to control for local COVID-19 resources (e.g., testing
availability). However, we controlled zip code sociodemographic characteristics such as racial/ethnic
composition and median income that are correlated with greater resource access. Fine particle air
monitor data from the U.S. Environmental Protection Agency (EPA) are not available at the zip
code level(https://www.epa.gov/outdoor-air-quality-data/pm25-continuous-monitor-comparability-
assessments) and hence, we were unable to account for this characteristic in our analyses. Air pollution
can vary between areas and has been related to a variety of acute and chronic conditions [45,46],
which can compromise health and place individuals at greater risk for more severe COVID-19 illness.
Lastly, the study was U.S.-based; built environments, demographics, health policies, and other
considerations vary across international settings and thus our study results might not generalize to
other countries. Nonetheless, GSV images have been utilized in international settings to examine
neighborhood features, and thus has the potential to enable other countries to examine the influence of
built environment characteristics on health and other outcomes [47,48].

Like other modes of data collection, image data can only capture a subset of features of a community.
Images do not capture all of the features of the neighborhood environment that may impact health
outcomes. For instance, we were unable to capture indicators of perceived safety that impact people’s
willingness to walk in an area. Additionally, Google Street View API provides the most recent image
available for a location. However, areas differ with regard to the rate at which their GSV image are
updated. In our dataset, image dates ranged from 2007-2019 and the median year was 2015. Thus,
the neighborhood data for certain areas might not reflect current conditions. Moreover, rural areas
tend to have older GSV images than urban areas, which may lead to differential measurement bias.
In addition, not all types of built environment characteristics lend themselves to easy extraction by
computer vision algorithms. Objects that are small (e.g., litter), vary in appearance (e.g., dilapidated
buildings), or are very rare in the dataset (e.g., graffiti) are difficult for computer vision models to predict
with high accuracy. Subjective characteristics such as the aesthetics or the visual appeal of an area
are also difficult to model with computer vision. For subjective characteristics, use of crowdsource
techniques that incorporate ratings from residents and visitors might be an effective way to create
area-level ratings that capture the variability in these perceptions. Besides the type of neighborhood
features that can easily lend themselves to automatic extraction via computer vision models, the depth
of neighborhood features that can be extracted may be limited. Well-known neighborhood audit
instruments such as the Irvine-Minnesota Inventory [49] and the Pedestrian Environment Data Scan [50]
can involve hundreds of different features. Building a computer vision model to accurately extract
each of these hundreds of features would be a difficult task.

Additionally, computer vision models using supervised learning approaches often require large
training datasets composed of potentially tens of thousands of manually labeled images to adequately
train models and hence investigative teams need to build in time and resources to create these large
training datasets. In our study, to create our training dataset, team members took two months to label
over 18,000 images for neighborhood characteristics. We also utilized administrative datasets that
contained the locations of vacant building and buildings marked for demolition to provide enough
training examples for our dilapidated building indicator. The use of computer vision and GSV images
enables large studies of neighborhood features across broad geographies. However, the use of these
automated technologies might limit the type, variety, and level of detail in neighborhood features
that can be examined. For investigators interested in neighborhood characteristics for small areas,
manual neighborhood inventories might be the appropriate choice to provide the necessary data.
While computer vision is not without its limitations, using computer vision and millions of G5V
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images was the only feasible way to examine fine area-level built environment characteristics across
20 different states. GSV is a growing new area of research that has immense potential to shed light on
the potential influence of neighborhood environments on a variety of health outcomes.

5. Conclusions

The contextual factors that influence the spread of the coronavirus risk are poorly understood.
With recent advances in computer vision and the emergence of massive sources of image data,
we developed a data collection strategy utilizing geographic information systems to assemble a national
collection of Google Street View images of all road intersections and street segments in the United
States. We utilized this data bank and leveraged computer vision algorithms to produce neighborhood
summaries of conditions that are linked with COVID-19 risk through increased opportunity for
person-to-person transmission. We found that indicators like greater urban development (mixture
of residential and commercial buildings, multiple lanes of traffic), walkability (which may increase
contact), and greater physical disorder were related to more coronavirus cases. Our study results
can help inform population-based strategies to mitigate COVID-19 risk. A higher level of caution
can be recommended for the reopening of communities with a heightened level of risk due to their
neighborhood design.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/17/17/6359/s1,
Figure S1: Trends of six movement categories using google mobility report data, 15 February to 12 June 2020,
United States.
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