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Abstract Control of diseases transmitted from person to
person may be more effectively and less economically
damaging if preventive and ameliorative efforts are fo-
cused on themore vulnerable local areas rather than entire
countries, provinces, or states. The spread of the COVID-
19 virus is highly concentrated in urban US counties.
Sixteen factors known or thought to be related to spread
of the COVID-19 virus were studied by Poisson regres-
sion analysis of confirmed cases and deaths in 883 US
counties with a population of 50,000 or more as of
May 31, 2020. Evidence of crowding in homes, work-
places, religious gatherings, preexisting health conditions
in the population, and local economic and demographic
conditions, with one exception, was predictive of inci-
dence andmortality. Based on the correlation of cases and
deaths to length of stay-at-home orders, the orders were
associated with about 52% reduced cases and about 55%
reduced deaths from those expected without the orders.

Keywords COVID-19 . corona virus . infectious
disease . social factors,economic factors, . demographic
factors

Introduction

Various mathematical models using different methods
initially produced quite different predictions of COVID-

19 cases and deaths in the USA because of the variance
in assumptions about how the virus and people would
behave [1]. As more data became available, the projec-
tions converged somewhat but still varied substantially
[2]. The early predictions did serve the purpose of moti-
vating most US state governments to adopt policies to
slow the spread of the virus. In the USA, the initiation and
timing of stay-at-home (shutdown) orders varied among
the states. The government and business operations and
other gatherings prohibited during the shutdown also
varied among the states but all left plenty of leeway for
the virus to continue to spread. Several state governors
did not issue such orders and many announced partial or
complete termination of the orders in late April and early
May, 2020. In Wisconsin and Oregon, the order was
voided by judges. Post shutdown, some state and local
governments issued standards for physical distancing in
businesses and other organization as well as wearing face
masks. Nevertheless, several state governors prohibited
local governments from requiring distancing and masks.

In response to warnings and shutdown orders, behav-
ior in the USA varied from substantial recommended risk
avoidance behavior (e.g., reduced travel, reduced physi-
cal proximity to other people, frequent hand washing,
wearing face masks) to mockery of those who did so
and protests against requirements to do so [3]. Photo-
graphs and videos of street protesters against shutdowns
showed many people in close proximity to one another
with no face masks [4]. Testing kits provided by the
Centers for Disease Control and Prevention were found
inaccurate resulting in delays in testing [5]. The
virus was well established in many communities
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before testing, tracking those exposed and quaran-
tine was initiated.

Estimating the transmission rate of the COVID-19
virus using traditional models of epidemics is problem-
atic because of its behavior. These models require infor-
mation on infection and recovery rates as well as immu-
nity which involves testing vast numbers of people
representative of the population [6]. Many people who
are infected do not experience significant or any symp-
toms but shed virus that infects others in physical prox-
imity or in contact with surfaces where it dwells for a
time. For example, tests of residents in Westchester
County, New York, the first “hot spot” in that state,
indicated that 16.7% of people had antibodies to
COVID-19 [7]. If the sample is representative of the
population, 161,673 people in Westchester County had
been exposed to enough of the virus to produce anti-
bodies (0.167 × 967,506 people in the population) but
there were only 31,294 “confirmed cases” reported by
the County Health Department as of May 10, 2020.
Some 81% of those who may be positive for antibodies
but not reported as cases either experienced mild enough
symptoms to avoid seeking help or no symptoms at all.
In New York City, 21% of the tested had antibodies, but
in Bronx County, only about 13.8% of those had turned
up in the “confirmed cases” count by May 10; about 86
percent did not. The difference between Westchester
and Bronx counties could be a result of fluctuations in
sampling or they could represent differences in help-
seeking among people with relat ively high
(Westchester) or low (Bronx) incomes or other differ-
ences among the populations.

The authors of one study of the effect of warnings
and shutdowns claimed that the shutdowns prevented 60
million COVID-19 cases in the USA based on models
of early exponential growth in time amongUS states [8].
Using state data ignores the wide variation in growth
rates among counties within states. A comparison of
counties in Iowa with no shutdown and Illinois before
and during the Illinois shutdown indicated 30 percent
excess cases in Iowa counties through April 20, 2020
[9]. Travel data based on tracing cell phone movements
indicate that travel decreased substantially prior to the
adoption of stay-at-home orders in many metropolitan
areas in the USA but increased in time later [10] sug-
gesting that risk avoidance began before the orders and
deteriorated thereafter.

Governments and other organizations in the USA
collect data on health, education, and other characteristics

of the populations as well as indicators of crowding in
housing, businesses, and religious institutions specific to
US counties that are thought to increase or decrease the
risk of human transmission of pathogens or the severity
of the illnesses they cause. The purpose of this study is to
estimate the effect of state shutdowns corrected for avail-
able social, economic, and demographic data from a
variety of sources that are predictive of the counts of
COVID-19-confirmed cases and deaths in US counties
with populations of 50,000 or more as of May 31, 2020.

Materials and Methods

This is a cross-sectional ecological study of predictors of
the accumulation of COVID-19-confirmed cases and
deaths among urban US counties as of May 31, 2020.
Sixteen potential predictors of COVID-19 spread and
severity were included in the study. In addition to the
number of days of shutdown orders, data from US
counties were found on six factors that likely increase
the probability of human interaction that would facilitate
spread of a contagious virus: population density per
square kilometer, average number of persons per house-
hold, average employees per business, average religious
adherents per congregation, and average number of
social acquaintances per population. Four factors that
are known to be related to the severity of the disease
were included separately: percent of the population with
obesity, diabetes, and elderly cardiovascular hospitali-
zations and persons 65 years and older. Social and
economic factors that are often related to health status
were also included: percent of adults with at least a high
school education, percent unemployment, median fam-
ily income, income inequality, and percent African
American and Hispanic ethnicity.

Daily numbers of accumulated confirmed cases and
deaths in each county through May 31, 2020, were
downloaded from usafacts.org (https://usafacts.
org/visualizations/coronavirus-covid-19-spread-map/).
Dates of shutdown orders were obtained from Littler.
com (h t tp s : / /www. l i t t l e r . com/pub l i ca t i on -
press/publication/stay-top-stay-home-list-statewide).
Population density was obtained from the US Census
B u r e a u ( h t t p s : / / w w w . c e n s u s .
gov/quickfacts/fact/note/US/LND110210). Estimated
2019 population, percent unemployed, and median
household income prior to the pandemic for each
county were downloaded from the US Department of
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Agriculture website (https://www.ers.usda.gov/data-
products/county-level-data-sets/download-data/) based
on estimates from the US Census Bureau and Bureau
of Labor statistics. Persons per household, social
acquaintances, high school graduates, economic
inequality, percent 65 years or older, percent with
diabetes, and percent obese were downloaded from
files accumulated from various sources by the Robert
Wood Johnson Founda t i on (h t t p s : / /www.
coun t yhea l t h r a nk i ng s . o r g / exp l o r e - h e a l t h -
rankings/rankings-data-documentation). Medicare
hospital discharges for cardiovascular diseases were
obtained from CDC Wonder (https://nccd.cdc.
gov/DHDSPAtlas/Reports.aspx). Numbers of religious
adherents and congregations were obtained from therda.
c o m ( h t t p : / / w w w . t h e a r d a .
com/Archive/Files/Downloads/RCMSCY10_DL.asp).
Numbers of businesses and employees were downloaded
from the Bureau of Labor Statistics (https://data.bls.
gov/cew/apps/table_maker/v4/table_maker.htm#type=1
&year=2019&qtr=3&own=5&ind=10&supp=0).
Percent African American and Hispanic were obtained
from randaalolson.com (http://www.randalolson.
com/2014/04/29/u-s-racial-diversity-by-county/).

Poisson regression models of cases and deaths in US
counties with 50,000 ormore population were applied to
the data separately for confirmed cases and deaths
corrected for population size. The form of the regression
equation is:

Accumulated number of cases (or separately, deaths)
as of May 31, 2020 =

b1 (days from the shutdown order, if any, until
May 31, 2020) +
b2 (log(population density, estimated 2019 resi-
dents per square kilometer)) +
b3 (average number of persons per household) +
b4 (log(average employees per business enter-
prise)) +
b5 (log(average religious adherents per con-
gregation)) +
b6 (log(average number of social acquaintances
reported per person)) +
b7 (percent of the population that is obese) +
b8 (percent of the population with diabetes) +
b9 (Medicare cardiovascular hospitalization
discharges 2015-2017) +
b10 (log (percent of the population 65 years or
older) )+

b11 (percent of adults who finished high school) +
b12 (log(median family income before the pandem-
ic)) +
b13 (income inequality before the pandemic) +
b14 (percent unemployed before the pandemic) +
b15 (√Percent African American) +
b16 (√Percent Hispanic)

Log(population) was included as an offset variable to
correct for differences in population size among the
counties. The logarithmic transformations or square
roots on selected variables were used because the fre-
quency distributions of those variables were skewed.
The study was limited to counties with 50,000 or more
population to avoid random variation in small numbers.
To estimate the number of cases and deaths likely
prevented by warnings and shutdowns, the regression
equation was used to predict the number of cases and
deaths in each county expected when shutdown days
was set to zero. The numbers for each county were
added and the totals compared to the actual number of
aggregated cases and deaths. The regression analysis
was confined to cases and deaths as of May 31, 2020,
by which time most of the shutdowns were totally or
partially abandoned.

Results

The variation in distribution of COVID-19 cases among
counties is illustrated in Fig. 1 showing the 200 counties
with the most confirmed cases. Of the 3141 counties and
county equivalents nationally, as of May 31, 2020,
79% of cases and 85% of deaths occurred in the
200 counties with the most cases. These 200
counties were highly urbanized, containing 50%
of the estimated 2019 US population.

Data on all variables included in the Poisson regres-
sions were available for 883 counties and county equiv-
alents with more than 50,000 populations. Although
only 28% of the 3141 counties and county equivalents in
the USA, the total population of these counties
(263,489,065) was about 80% of the estimated 2019 US
population. As of May 31, 2020, confirmed COVID-19
cases in the studied counties (1,515,780) were about 85%
of cases of the all-US total. Deaths attributed to COVID-
19 in the studied counties as of that date were 92,136,
about 90% of the total for all counties.
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The parameters and 95% confidence intervals of the
regression estimates are shown in Table 1 separately for
confirmed cases and deaths attributed to COVID-19.
Most of the variables are predictive of cases and deaths
with remarkably narrow confidence intervals. Counties
with greater population density, crowding in housing
(cases but not deaths), workplaces, and religious con-
gregations as well as self-reported social contacts per
person had more cases and deaths. Greater numbers of
cases and deaths occurred in counties where greater
proportions of populations with known higher risk con-
ditions (diabetes, heart disease, and obesity) and where
more elderly people live. If a lower percent of the
population finished high school, cases and deaths were
higher. Cases and deaths were associated with higher
median incomes and higher pre-pandemic unemploy-
ment. Income inequality was associated with cases but
reversed in the death model. Cases and deaths occurred
more frequently in counties with a larger proportion of
African Americans in the population but were less fre-
quent in counties with a larger proportion of Hispanics.
The squared correlation between predicted and actual
cases was 0.78. The R2 between predicted and actual
deaths was also 0.78. These indicate reasonably good
fits of the models.

A cautionary note: the differences among the coeffi-
cients on particular variables do not indicate greater or
less importance. The variables are measured on different

scales and each coefficient refers only to covariation
with increments of the scale it modifies. Coefficients
on specific variables are not necessarily indicative of
causation but are included for their predictive value.

With the shutdown coefficient set to zero, the regres-
sion model predicted 3,150,826 cases and 203,190
deaths in the studied counties through May 31, 2020.
Compared to the actual 1,515,780 cases and 92,136
deaths, the results suggest that the shutdowns and ac-
companying policies reduced confirmed cases by about
52% and deaths by about 55%.

Discussion

The spread of the COVID-19 virus was mainly concen-
trated in urban areas and was substantially predicted in
the first 3 months of the pandemic in the US by numer-
ous factors—crowding in homes, workplaces, religious
gatherings, preexisting health conditions in the popula-
tion, and local economic and demographic conditions.
The large variation in cases and deaths among counties
raises the issue of the best strategies to reduce the spread
of COVID-19 and other pathogens that are easily spread
by human contact. A vigorous program of testing, trac-
ing and quarantine, required masks, and physical dis-
tancing in public places or resort to shut down in
counties that are likely to have higher numbers of cases

Fig. 1 COVID-19 cases per 100,000 population in the 200 counties with the most cases, USA, May 31, 2020
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as indicated by the data in this study may be more
effective, efficient, and less economically damaging
than statewide shutdowns.

The validity and reliability ofmeasurement of each of
the predictor variables is difficult to establish. The point
of the study is to assess the degree to which the data
available, whether flawed or not, can be used to predict
the spread of an easily transmitted pathogen. The cause
of the disease is the virus. The cause of transmission is
human living conditions and behavior the correlates of
which may or may not be good enough to be used for
prediction. With the exception of the number of shut-
down days, inclusion of a given variable does not imply
that it is hypothesized as a causal variable, only that it
may have predictive value and should be controlled in
an assessment of the effect of preventive measures.

Most of the predictor coefficients are in the expected
direction but the lower numbers of cases in counties
with a larger percentage of Hispanics in the population
is contrary to claims that Hispanics work disproportion-
ately in occupations where the virus spread rapidly.
Ecological correlations occasionally misrepresent the
correlation of individual characteristics and behavior
with outcomes and collinearity can also distort

regression coefficients. In this study, percent Hispanics
was not correlated with average employees per business
but was correlated to population density (R2 = 0.36) and
congregants per religious facility (R2 = 0.32). The zero-
order correlations between percent Hispanics and
cases (R2 = 0.15) and deaths (R2 = 0.13) were
positive so apparently the collinearity with other
factors distorted the coefficients on percent His-
panics. The vast majority of the correlations
among the predictor variables were substantially
less than those mentioned for percent Hispanics.

When predictor variables are highly correlated, the
sign and values of individual coefficients may be
distorted but the overall prediction valid [11]. The sub-
stantial correlation between predicted and actual cases
and deaths among counties indicates that the equation
has value for allocation of preventive measures and
preparation of the health care system for the onslaught
of the aggregate number of cases expected in a county.

The maximum R2 of shutdown days with each of the
other variables was 0.02 so it would not have been
distorted and could be used to estimate the effect of
shutdowns. The coefficients on shutdown days without
the other variables entered in the analysis were − 0.012

Table 1 Poisson regression coefficients of factors thought to contribute to incidence and severity of COVID-19 infections, 883 US counties
as of May 31, 2020

COVID-19 cases (95 % C.I.) COVID-19 deaths (95% C.I.)

Days from shutdown − 0.014 (− 0.0134, − 0.0138) − 0.015 (− 0.016, − 0.014)

Log (population/square kilometer) 0.278 (0.276, 0.280) 0.494 (0.482, 0.506)

Average persons per household 1.110 (1.094, 1.126) − 0.050 (− 0.067, 0.018)

Log(average employees per business) 0.107 (0.102, 0.112) 0.248 (0.228, 0.268)

Log(average religious per number of congregations) 1.028 (1.021, 1.035) 1.328 (1.298, 1.358)

Log(claimed social acquaintances) 0.420 (0.413, 0.427) 0.389 (0.315, 0.421)

Percent obese in the population 0.008 (0.007, 0.009) − 0.005 (− 0.008, − 0.002)

Percent diabetic in the population 0.036 (0.034, 0.038) 0.058 (0.050, 0.066)

Cardiovascular hospital discharge rate 0.654 (0.640, 0.668) 1.143 (1.082, 1.204)

Percent aged 65 and older 0.896 (0.883, 0.909) 1.478 (1.424, 1.532)

Percent adults finished high school − 0.013 (− 0.014, − 0.012) − 0.016 (− 0.017, − 0.015)

Log(median family income) 1.098 (1.086, 1.110) 0.925 (0.874, 0.976)

Income inequality 0.076 (0.073, 0.079) − 0.074 (− 0.086, − 0.062)

Percent unemployed before COVID-19 0.421 (0.410, 0.432) 1.283 (1.228, 1.338)

Percent African American 0.078 (00.076, 0.080) 0.065 (0.058, 0.072)

Percent Hispanic − 0.231 (− 0.234, − 0.228) − 0.054 (− 0.066, − 0.042)

Intercept − 35.375 − 40.507

Predicted vs. actual R2 0.78 0.78
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for both cases and deaths, only slightly less than the
coefficients adjusted for the other variables.

The data suggest that warnings and state shutdowns
in late March and April prevented about 1.6 million
cases and 111,000 deaths. The study that estimated the
warnings and shutdowns prevented 60 million COVID-
19 cases in the USA [8] appears to be grossly inflated by
a factor of 42. Without the shutdowns, apparently the
COVID-19 virus would likely have killed about twice as
many people as had died through the end of May and
caused more than enough severe illnesses to overwhelm
the medical care system sooner in many urban counties
in the USA.While this estimate does not account for the
variations in effectiveness of specific preventive mea-
sures (warnings, physical distancing, wearing masks,
and personal hygiene), it does provide an indication of
the potential net effect of shutdowns if applied to local
areas with growing case numbers. Attempts have been
made to evaluate the effects of various countermeasures
individually such as school closings at the state level
[12], but with many imposed at or near the same time,
the estimates of the effect of each are quite problematic.

This study is limited by the lack of data on other
factors that are likely predictive of spread of COVID-19.
For example, a search for numbers of bars by US
counties produced no results. Too many counties fail
to report data on use of mass transit that may also be a
factor in spread of the virus. Data is available on pas-
senger departures at airports but the counties in which
the passengers reside are unknown.

By midsummer 2020, the numbers of cases and posi-
tive tests were so numerous in many southern and south-
western cities, and the results of tests were delayed, that
there were not enough people assigned to tracing to keep
up with the spread of the virus. In the Fall of 2020, the
virus spread to the point that many communities had all or
most of their intensive care bed occupied. Nevertheless, as
of December 24, 2020, 57% of 18.4 million accumulated
cases and 55% of 365,657 accumulated deaths had oc-
curred in the 200 counties with the most cases.
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