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a b s t r a c t 

Purpose: To assess the association of neighborhood demographic and socioeconomic characteristics with 

COVID-19 incidence and mortality in New York City (NYC) over the first two waves of outbreak. 

Methods: This retrospective study used neighborhood-level data from 177 modified ZIP code tabulation 

areas in NYC between March 01, 2020 and April 30, 2021. 

Results: Neighborhoods that were most severely impacted in wave 1 were also more affected in wave 

2. Neighborhoods with a higher percentage of seniors ( ≥75 years), males, Black and Hispanic population, 

and large-size households had higher incidence rates of COVID-19 in wave 1 but not in wave 2. Neigh- 

borhoods with higher percentage of Black and Hispanic population and lower insurance coverage had 

higher death rate per capita and case fatality ratio in wave 1, and neighborhoods with higher percentage 

of Black and Asian population had elevated case fatality ratio in wave 2. Median household income was 

negatively associated with incidence rate and death rate per capita but not associated with case fatality 

ratio in both waves. Neighborhoods with more seniors had higher death rate and case fatality ratio in 

both waves. 

Conclusions: Neighborhood disparities in COVID-19 incidence and mortality across NYC neighborhoods 

were dynamic during the first two waves of outbreak. 

© 2022 Elsevier Inc. All rights reserved. 
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Since the emergence of severe acute respiratory syndrome coro- 

avirus 2 (SARS-CoV-2), it has quickly spread to more than 200 

ountries and territories in the world [1] . As of May 2021, over 
Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; 

OVID-19, coronavirus disease 2019; NYC, New York City; ZCTA, ZIP code tabulation 

rea; DOHMH, Department of Health and Mental Hygiene; PCR, polymerase chain 

eaction; ICAR, intrinsic conditional autoregressive; INLA, Integrated Nested Laplace 

pproximation; aRR, adjusted Rate Ratios; CI, credible interval. 
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2 million confirmed cases of coronavirus disease 2019 (COVID- 

9) have been reported in the United States [2] . As a major in-

ernational hub and the most densely populated city in the United 

tates, New York City (NYC) became the epicenter of this disease 

n April 2020, with more than 770,0 0 0 confirmed cases of COVID- 

9 and more than 27,0 0 0 COVID-19 confirmed deaths as of May 

021 [3] . NYC consists of five boroughs (Bronx, Brooklyn, Man- 

attan, Queens, and Staten Island). Each borough has unique de- 

ographic and socioeconomic characteristics, and the neighbor- 

oods across these boroughs play important roles in explaining 

ealth disparities in NYC [4–7] . Multiple studies have examined 

he variation in COVID-19 hospitalization and mortality across dif- 

erent boroughs’ neighborhoods in the first coronavirus outbreak 

from roughly March to May in 2020), highlighting health dispari- 

ies by age, population density, race, ethnicity, income, and insur- 

nce status [8–11] . A second wave began roughly in December of 

020 [12] , which demonstrated a different pattern of impact across 

https://doi.org/10.1016/j.annepidem.2022.04.008
http://www.ScienceDirect.com
http://www.annalsofepidemiology.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.annepidem.2022.04.008&domain=pdf
mailto:qc2138@cumc.columbia.edu
https://doi.org/10.1016/j.annepidem.2022.04.008
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oroughs’ neighborhoods. The demographic and socioeconomic as- 

ociations with COVID-19 incidence and mortality between these 

wo waves [13] hold important policy lessons, because they may 

lucidate dynamics of health disparities as the pandemic evolved 

nd inform public health crisis planning, preparedness, and re- 

ponse. This study aims to compare the associations of neighbor- 

ood demographic and socioeconomic characteristics with COVID- 

9 outcomes in NYC, including confirmed COVID-19 new cases and 

OVID-19 related deaths, across the first two waves of the out- 

reak. 

ethods 

We used the neighborhood-level data of COVID-19 cases and 

eath counts as well as demographic and socioeconomic charac- 

eristics to assess the associations between neighborhood risk fac- 

ors and COVID-19 outcomes in NYC over the first two waves of 

he outbreak using Bayesian hierarchical spatial negative binomial 

odels. 

tudy design and data sources 

This retrospective study used neighborhood-level data, includ- 

ng the COVID-19 outcomes and neighborhood characteristics in 

YC between March 01, 2020 and April 30, 2021. Each neighbor- 

ood was defined by a residential area corresponding to a partic- 

lar modified ZIP code Tabulation Area (ZCTA). The modified ZCTA 

eography combines census blocks with smaller populations and 

ave been used by NYC Department of Health and Mental Hy- 

iene (DOHMH) [14] . The COVID-19 outcome data were acquired 

rom the NYC DOHMH Coronavirus Data GitHub [15] . The neigh- 

orhood demographics and socioeconomics information were re- 

rieved from the US Census Bureau using the 2019 American Com- 

unity Survey 5-year estimates [16] . No individual-level data were 

nvolved in the analysis. 

tudy periods 

We separated the study periods into two waves of the coron- 

virus outbreak in NYC to compare the associations of neighbor- 

ood characteristics with COVID-19 outcomes in different periods. 

he first wave was defined as the time interval between March 

1, 2020 and May 31, 2020, and the second wave was from late 

ovember/early December to April 2021 based on local news re- 

orts [ 12 , 17 ]. Since NYC DOHMH made several changes to its data

epository in GitHub on December 07, 2020, the second wave data 

sed in the analysis starts on December 07, 2020 and ends on April 

0, 2021. A sensitivity analysis was also conducted using data from 

ovember 01, 2020 to April 30, 2021 for the second wave. The re- 

ults are similar and thus are not included. 

utcome measures 

We focused on two outcomes. The first outcome was the total 

umber of confirmed COVID-19 positive cases in a neighborhood 

uring each wave. A new COVID-19 case was defined by a molec- 

lar test that relies on polymerase chain reaction assay in large 

aboratories based on the specimen collected using nasopharyngeal 

wabs or sputum cup. The second outcome was the total number 

f COVID-19 deaths in each neighborhood during each wave, re- 

orted as deaths related to COVID-19 by the NYC DOHMH. 

eighborhood characteristics 

We considered a series of neighborhood characteristic factors. 

hese factors included borough, percentage of age group ( < 19, 19–

9, 60–74, and ≥75 years), sex (male and female), race/ethnicity 
46
White, Black, Hispanic, Asian, and others), households size (1, 2, 

 and ≥4 members), education (with and without high school 

iploma), and health insurance (with and without), along with the 

edian household income of each neighborhood. 

tatistical analysis 

We used Bayesian hierarchical spatial negative binomial models 

o assess the associations between each outcome and the neigh- 

orhood characteristics, while accounting for spatial correlations 

etween adjacent neighborhoods using an intrinsic conditional au- 

oregressive (ICAR) random effect for each neighborhood [ 18 , 19 ]. 

e assumed that each outcome followed a negative binomial dis- 

ribution with neighborhood and time specific rate μi,t and vari- 

nce function μi,t + αμi,t 
2 , where α is the over-dispersion param- 

ter taking a positive value. We modeled the neighborhood and 

ime specific rate μi,t as: 

og ( μi,t ) = log 

(
E( y i,t ) 

P i,t 

)
= X 

T 
i,t β + u i 

here y i,t is the outcome; P i,t is the offset; and X i,t is a vector 

ontaining one and covariates for neighborhood i at time t . For 

he models with the total confirmed cases as the outcome, we 

sed the neighborhood population size as the offset and modeled 

he cumulative incidence rate in the neighborhood. For the models 

ith the death counts as the outcome, we included the neighbor- 

ood population size and the confirmed positive cases as the offset 

o estimate the death rate per capita and the case fatality ratio, re- 

pectively. Parameters β measure associations of the neighborhood 

haracteristics with incidence rate, dealth rate, or case fatality ra- 

io. The error term u i is the spatially structured residual, modelled 

sing an ICAR structure: 

 i | u j � = i ∼ Normal 

(∑ 

j u j 

m j 

, 
σ 2 

u 

m j 

)
, 

here m j is the number of neighborhoods which share boundaries 

ith the i th neighborhood, and 

∑ 

j 

u j is a summation of the spa- 

ially structured residuals over all m j neighborhoods [ 18 , 19 ]. 

For each outcome, we first fitted separate marginal models 

ased on data in wave 1 and wave 2 with one neighborhood char- 

cteristic factor in each model. We then fitted two separate mul- 

ivariable models based on the data in wave 1 and wave 2. Each 

odel included all neighborhood characteristic factors except ed- 

cation, which was excluded from the multivariable model due to 

ts collinearity with median household income. We then fitted a 

hird multivariable interaction model, combining data in both wave 

 and wave 2, to assess whether the associations between the 

utcome and the neighborhood characteristics differed across the 

wo waves of outbreak by including all the two-way interactions 

etween the wave indicator and each neighborhood characteristic 

actor. We conducted sensitivity analyses by removing the spatial 

tructure from the three multivariable models to assess whether 

onclusions change. We estimated the models by Integrated Nested 

aplace Approximation (INLA) using the INLA package in R [ 20 , 21 ],

nd reported adjusted Rate Ratios (aRR) and the associated 95% 

redible interval (CI) for each regression coefficient. 

esults 

eighborhood characteristics 

We analyzed data across all 177 neighborhoods in NYC, includ- 

ng 25 in Bronx, 37 in Brooklyn, 44 in Manhattan, 59 in Queens, 

nd 12 in Staten Island. Supplementary Table A.1 provides the de- 

criptive statistics of the neighborhood characteristics. Manhattan 
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Fig. 1. Histogram of daily confirmed COVID-19 positive cases and geographical distributions of total confirmed COVID-19 positive cases in the 177 New York City ZCTAs in 

wave 1 and wave 2. “(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)”
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ad fewer young residents aged < 19 years (16%) but more resi- 

ents aged 19–59 years (64%). The Bronx neighborhoods (13%) had 

he smallest percentage of White residents (Queens 30%, Brook- 

yn 38%, Manhattan 51%, and Staten Island 58%). Brooklyn (29%) 

nd Bronx (28%) had higher percentage of Blacks; Bronx (54%) 

ad more Hispanic; and Queens (24%) had more Asians than other 

oroughs. The neighborhoods in Manhattan had more households 

ith a single member (45%), but Queens (29%) and Staten Island 

33%) had more households with four or more members. The av- 

rage median annual household incomes of neighborhoods were 

113,0 0 0 for Manhattan, $82,0 0 0 for Queens, $81,0 0 0 for Staten

sland, $65,0 0 0 for Brooklyn, and $45,0 0 0 for Bronx. The average

ercentage of residents with health insurance coverage were high 

cross all the five boroughs. 

patial and temporal patterns of COVID-19 cases and deaths 

Figures 1 a and b show the trend of daily COVID-19 new cases in

YC in wave 1 and wave 2, respectively. In wave 1, starting from 

arch 2020, the daily new cases dramatically increased, peaked 

ith more than 60 0 0 cases per day within a month, and then

lowly decreased until the end of May in 2020. Daily new cases 

n wave 2 also peaked at about 6500 cases per day in early Jan- 

ary, but the daily new cases stayed above 20 0 0 for most of days
47 
hrough the entire study period before mid-April. Figures 1 c and 

 give the geographical distribution of total COVID-19 new cases 

n waves 1 and 2, with darker colors representing more cases in a 

iven neighborhood. An apparent spatial disparity of total COVID- 

9 new cases existed across NYC neighborhoods in both wave 1 

nd 2, with adjacent neighborhoods displaying similar darkness. 

he color is darker in most of the neighborhoods in wave 2, espe- 

ially in many of the neighborhoods that were hardly hit in wave 

. The spatial patterns were similar between the two waves, with a 

earson correlation coefficient of 0.73 ( P < .0 0 01; Supplementary 

ig. A.1a) for the incidence rate in the 177 neighborhoods between 

he two waves. 

The COVID-19 deaths in NYC peaked in mid-April 2020 at about 

00 deaths per day in wave 1 ( Fig. 2 a). In wave 2, the COVID-

9 deaths peaked at about 100 deaths per day in early Febru- 

ry 2021 ( Fig. 2 b). The spatial patterns of total COVID-19 deaths 

n wave 1 ( Fig. 2 c) appeared to be consistent with total COVID-

9 new cases ( Fig. 1 c). However, the spatial disparity of COVID-19 

eaths in wave 2 ( Fig. 2 d) is not as prominent as in wave 1, with

ight color in most neighborhoods except some neighborhoods in 

taten Island and South Brooklyn. Still, the death rates per capita 

f the 177 neighborhoods in the two waves were correlated with a 

earson correlation coefficient of 0.52 ( P < .0 0 01; Supplementary 

ig. A.1b). 
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Fig. 2. Histogram of daily COVID-19 deaths and geographical distributions of total COVID-19 deaths in the 177 New York City ZCTAs in wave 1 and wave 2. “(For interpretation 

of the references to color in this figure legend, the reader is referred to the Web version of this article.)”
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eighborhood characteristics associatied with COVID-19 incidence 

ate 

Table 1 provides the aRRs and 95% CIs of the neighborhood 

haracteristics with significant associations with the cumulative in- 

idence rate of COVID-19 . Compared to those who lived in Man- 

attan, neighborhoods in Bronx (aRR: 1.34 [95% CI: 1.14, 1.57]), 

ueens (aRR: 1.46 [1.25, 1.69]), and Staten Island (aRR: 1.63 [1.36, 

.94]) had higher incidence rates in wave 1, and neighborhoods in 

ueens (aRR: 1.24 [95% CI: 1.09, 1.40]) and Staten Island (aRR: 1.73 

95% CI: 1.50, 2.00]) also had higher incidence rates in wave 2. 

he incidence rates significantly decreased from wave 1 to wave 

 for neighborhoods in Queens and Bronx but not in Staten Island. 

ex, age, and race/ethnicity were all significantly associated with 

OVID-19 incidence rates in wave 1 but not in wave 2. Specifi- 

ally, for a 1% increase in the male residents, the incidence rate 

ncreased by a factor of 1.03 (95% CI: 1.01, 1.05) in wave 1. Mean-

hile, for a 10% increase in the residents with age greater than 

r equal to 75 years, Black population, and Hispanic population, 

he incidence rates increased by a factor of 1.50 (95% CI: 1.26, 

.78), 1.05 (95% CI: 1.02, 1.08), and 1.06 (95% CI: 1.02, 1.11) respec- 

ively, in wave 1. Neighborhoods with more large-size households 

with ≥4 members) had higher incidence rates in wave 1 (aRR: 

.09 [95% CI: 1.03–1.16]) but not in wave 2. Median household in- 

ome was negatively associated with incidence rates in both waves, 

ith the association slightly stronger in wave 2 than in wave 1. 
48 
very $10,0 0 0 increase in the median household income was asso- 

iated with a 3% (95% CI: 2%, 5%) reduction and a 5% (95% CI: 4%,

%) reduction in the incidence rate in wave 1 and wave 2, respec- 

ively. The interaction model shows that the associations of neigh- 

orhood charcateristics including percentage of males, greater than 

r equal to 75 years of age, Black population, and Hispanic popu- 

ation with incidence rate decreased significantly from wave 1 to 

ave 2. 

The results of the marginal models are in Supplementary Ta- 

le A.2. The conclusions are similar to the multivariable analyses; 

hile the marginal models show bigger differences in the cumu- 

ative incidence rate between neighborhoods in Manhattan and in 

he other four boroughs in both waves, and stronger associations 

ith race/ethnicity, income, household size, and health insurance. 

he effect of age group was no longer significant, and percentage 

ith high school education was negatively associated with the in- 

idence rate in both waves. The sensitivity analyses that remove 

he spatial structure from the multivariable models do not change 

he conclusions (Supplementary Table A.3). 

eighborhood characteristics associatied with COVID-19 death rate 

er capita 

Table 2 a shows the aRRs (95% CIs) of COVID-19 mortality asso- 

iated with the neighborhood characteristics. Compared to neigh- 

orhoods in Manhattan, Brooklyn (aRR: 1.27 [95% CI: 1.03, 1.55]) 
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Table 1 

Results of Bayesian hierarchical spatial negative binomial models for total number of COVID-19 confirmed positive 

cases among 177 NYC neighborhoods during the first two waves of outbreak. 

Wave 1 Wave 2 Interaction effects 

Variable aRR (95% CI) aRR (95% CI) aRR (95% CI) 

Borough 

Manhattan Ref Ref Ref 

Brooklyn 1.02 (0.86, 1.21) 1.00 (0.87, 1.15) 1.00 (0.87, 1.15) 

Queens 1.46 (1.25, 1.69) 1.24 (1.09, 1.40) 0.88 (0.77, 1.00) 

Staten Island 1.63 (1.36, 1.94) 1.73 (1.50, 2.00) 1.04 (0.86, 1.27) 

Bronx 1.34 (1.14, 1.57) 1.07 (0.93, 1.21) 0.82 (0.70, 0.95) 

Sex 

1% increase in males 1.03 (1.01, 1.05) 1.00 (0.99, 1.01) 0.97 (0.95, 0.99) 

Age group 

10% increase in age ≥75 y 1.50 (1.26, 1.78) 1.06 (0.92, 1.22) 0.65 (0.56, 0.76) 

Race/Ethnicity 

10% increase in Black 1.05 (1.02, 1.08) 0.98 (0.95, 1.00) 0.92 (0.90, 0.94) 

10% increase in Asian 0.98 (0.94, 1.02) 1.01 (0.97, 1.04) 1.02 (0.98, 1.07) 

10% increase in Hispanic 1.06 (1.02, 1.11) 1.02 (0.98, 1.05) 0.96 (0.92, 0.99) 

Household (HH) size 

10% increase in large-size HHs with ≥4 members 1.09 (1.03, 1.16) 1.03 (0.98, 1.09) 0.96 (0.91, 1.01) 

Health insurance 

10% increase with health insurance 1.09 (0.92, 1.28) 1.05 (0.92, 1.20) 1.02 (0.85, 1.21) 

Median annual household income 

$10,000 increase 0.97 (0.95, 0.98) 0.95 (0.94, 0.96) 0.98 (0.97, 1.00) 

The model used log population size as the offset to estimate incidence rate. The results are reported as adjusted Rate 

Ratio (aRR) and 95% credible interval (CI). 

Table 2 

Results of Bayesian hierarchical spatial negative binomial models for total number of COVID-19 deaths among 177 NYC neighborhoods during the first two waves of 

outbreak. 

aRR for death per capita (95% CI) aRR for case fatality ratio (95% CI) 

Wave 1 Wave 2 Interactions Wave 1 Wave 2 Interactions 

Borough 

Manhattan Ref Ref Ref Ref Ref Ref 

Brooklyn 1.27 (1.03, 1.55) 1.22 (0.96, 1.54) 0.86 (0.68, 1.08) 1.09 (0.88, 1.31) 1.03 (0.87, 1.26) 0.85 (0.70, 1.02) 

Queens 1.26 (1.04, 1.53) 1.14 (0.93, 1.39) 0.87 (0.69, 1.09) 0.97 (0.82, 1.14) 0.95 (0.81, 1.12) 0.99 (0.83, 1.19) 

Staten Island 1.32 (1.00, 1.75) 1.80 (1.42, 2.27) 1.18 (0.85, 1.65) 0.87 (0.70, 1.08) 1.02 (0.83, 1.26) 1.12 (0.86, 1.46) 

Bronx 1.07 (0.86, 1.32) 1.14 (0.93, 1.39) 0.95 (0.74, 1.22) 0.82 (0.68, 0.97) 1.02 (0.86, 1.21) 1.18 (0.97, 1.43) 

Sex 

1% increase in males 1.02 (0.99, 1.05) 0.99 (0.97, 1.02) 0.98 (0.95, 1.01) 0.98 (0.96, 1.00) 0.99 (0.97, 1.01) 1.01 (0.98, 1.04) 

Age group 

10% increase in age ≥75 y 2.71 (2.14, 3.45) 2.51 (2.00, 3.16) 1.00 (0.75, 1.33) 1.58 (1.30, 1.93) 2.10 (1.76, 2.52) 1.38 (1.10, 1.74) 

Race/Ethnicity 

10% increase in Black 1.08 (1.04, 1.12) 1.00 (0.97, 1.04) 0.94 (0.90, 0.98) 1.04 (1.02, 1.07) 1.04 (1.01, 1.07) 1.02 (0.98, 1.05) 

10% increase in Asian 0.98 (0.92, 1.04) 1.07 (1.02, 1.13) 1.06 (0.99, 1.14) 1.03 (0.99, 1.09) 1.07 (1.02, 1.12) 1.03 (0.97, 1.09) 

10% increase in Hispanic 1.09 (1.03, 1.16) 1.04 (0.98, 1.09) 0.94 (0.88, 1.01) 1.05 (1.00, 1.10) 1.02 (0.98, 1.06) 0.98 (0.93, 1.04) 

Household (HH) size 

10% increase in large-size HHs 

with ≥4 members 

1.04 (0.97, 1.12) 1.06 (0.98, 1.15) 1.09 (1.00, 1.19) 0.92 (0.86, 0.98) 1.01 (0.95, 1.07) 1.12 (1.04, 1.20) 

Health insurance 

10% increase with health 

insurance 

0.71 (0.55, 0.91) 0.98 (0.80, 1.19) 1.43 (1.07, 1.91) 0.71 (0.59, 0.86) 0.97 (0.82, 1.15) 1.40 (1.12, 1.75) 

Median annual HH income 

$10,000 increase 0.97 (0.95, 0.98) 0.93 (0.92, 0.95) 0.96 (0.94, 0.99) 1.00 (0.99, 1.02) 0.99 (0.97, 1.00) 0.99 (0.97, 1.00) 

Model (a) used log population size as the offset to estimate death rate per capita, and model (b) used log confirmed positive cases as the offset to estimate case fatality 

ratio. The results are reported as adjusted Rate Ratio (aRR) and 95% credible interval (CI). 
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nd Queens (aRR: 1.26 [95% CI:1.04, 1.53]) had higher death rates 

n wave 1, but Staten Island (aRR: 1.80 [95% CI: 1.42, 2.27]) had a 

igher death rate in wave 2. In wave 1, for a 10% increase in the

esidents with age greater than or equal to 75 years, Black popula- 

ion, and Hispanic population, the death rate per capita increased 

y a factor of 2.71 (95% CI: 2.14, 3.45), 1.08 (95% CI: 1.04, 1.12), and

.09 (95% CI: 1.03, 1.16), respectively; while such increase was only 

bserved among neighborhoods with a higher percentage of resi- 

ents with age greater than or equal to 75 years in wave 2 (aRR: 

.51 [95% CI: 2.00, 3.16]). The death rate per capita increased in 

he neighborhoods with more Asians in wave 2 (aRR: 1.07 [95% CI: 

.02, 1.13]) but not in wave 1. Meanwhile, a 10% increase in health 

nsurance coverage was associated with 29% (95% CI: 9%, 45%) re- 

uction in the death rate per capita in wave 1 but not in wave 2.
49 
very $10,0 0 0 increase in the median household income was asso- 

iated with 3% (95% CI: 2%, 5%) reduction in death rate per capita 

n wave 1 and a 7% (95% CI: 5%, 8%) reduction in wave 2. The inter-

ctions model shows that the impact of health insurance coverage 

nd percentage of Black population on death rate per capita de- 

reased significantly from wave 1 to wave 2, but the impact of the 

edian household income became slightly stronger in wave 2. 

The results of the marginal models can be found in Supple- 

entary Table A.4. All the marginal associations are significant 

n both waves. Compared to Manhattan, neighborhoods in all the 

ther four boroughs had increased death rate per capita in both 

aves. The rate ratio decreased from wave 1 to wave 2 for Queens 

nd Bronx but increased from wave 1 to wave 2 for Brooklyn 

nd Staten Island. The conclusions for race/ethnicity, age, median 
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e

ousehold income, and health insurance are similar to the mul- 

ivariable models, but the associations became stronger in the 

arginal models for all neighborhood characteristics except age 

nd percentage of Asian population was also associated with death 

ate per capita in wave 1. Finally, education is not included in the 

ultivariate model because of its collinearity with median house- 

old income. For a 10% increase in high school education, the 

eath rate was associated with a 29% (95% CI: 23%, 35%) reduction 

n wave 1 and a 21% (95% CI: 15%, 27%) reduction in wave 2. 

eighborhood characteristics associatied with COVID-19 case fatality 

atio 

Table 2 b shows the aRRs (95% CIs) of the neighborhoods char- 

cteristics with significant associations with the COVID-19 case fa- 

ality ratio. The case fatality ratios were similar across boroughs 

fter adjusting for other factors, except for Bronx which had lower 

ase fatality ratio than Manhattan in wave 1 (aRR: 0.82 [95% CI: 

.68, 0.97]). For a 10% increase in the residents with age greater 

han or equal to 75 years and Black population, the COVID-19 case 

atality ratio increased by 58% (95% CI: 30%, 93%) and 4% (95% 

I: 2%, 7%), respectively, in wave 1. Case fatality ratios in wave 2 

ere also higher in the neighborhoods with more residents greater 

han or equal to 75 years (aRR: 2.10 [95% CI: 1.76, 2.52]) and Black 

opulation (aRR: 1.04 [95% CI: 1.01, 1.07]). Case fatality ratio in- 

reased in neighborhoods with more Asians in wave 2 (aRR: 1.07 

95% CI: 1.02, 1.12]) but not in wave 1, and decreased in the neigh-

orhoods with more large-size households (aRR: 0.92 [95% CI: 0.86, 

.98]) and higher health insurance coverage (aRR: 0.71 [95% CI: 

.59, 0.86]) in wave 1 but not in wave 2. The case fatality ratio 

as not associated with median household income in either wave 

 or wave 2. The interactions model shows that the associations 

f household size and health insurance coverage with case fatality 

atio diminished from wave 1 to wave 2, but became stronger in 

ave 2 for neighborhoods with higher percentage of older adults 

 ≥75 years). 

The results of the marginal models are in Supplementary Table 

.5. The conclusions were similar to the multivariable models, ex- 

ept for percentage of males and Asian population. The marginal 

odels show that case fatality ratio was higher in neighborhoods 

ith lower population of males and with higher percentages of 

sian population in both waves. The sensitivity analyses that re- 

ove the spatial structure from the multivariable models do not 

hange the conclusions (Supplementary Table A.6). 

iscussion 

The COVID-19 pandemic has shone a spotlight on the strik- 

ng health disparities in the United States. Dominant narratives 

bout why these disparities exist range from structural factors (e.g., 

ublic-facing employment, overcrowed housing, multigenerational 

ousing, and densely populated residential neighborhoods) to be- 

avioral factors (eg, differential risk assessment and risk taking 

mong dominant vs. minority groups) [ 22 , 23 ]. The evolution of 

ealth disparities in the COVID-19 incidence and mortality rates, 

s reported in this study, could help advance our understanding 

f the role that specific neighborhood-level demographic and so- 

ioeconomic factors play in different phases of the pandemic and 

n different health outcomes, and inform public health crisis plan- 

ing, preparedness, and response [22] . 

In New York, public-facing workers, those living in densely 

opulated neighborhoods, and those living in overcrowded, multi- 

enerational housing appeared to be more impacted in the first 

ave [24] . This is consistent with the narrative that structural fac- 

ors are most important [ 23 , 25 ]. By the second wave, socioeco-

omic status became the dominant risk factor for both infection 
50 
nd mortality per capita even as the government provided ad- 

itional economic support. Socioeconomic disadvantage not only 

roduces structural factors, but also produces toxic stress, thereby 

dversely impacting behaviors related to executive function [ 26 , 

7 ]. For example, the brain’s ability to plan and execute tasks tends 

o be damaged by the neurotoxic effects of glucocorticoids on the 

rbitofrontal cortex. This reduced “executive function” might ex- 

lain why severely disadvantaged populations have both a difficult 

ime getting a job and a difficult time enrolling in social benefits 

rograms, including those that put participants on the “radar” for 

timulus check receipt [28] . By reducing employment, the effect of 

oxic, poverty-associated stress on executive function may paradox- 

cally mitigate exposure to COVID-19 early the pandemic among 

ow-income populations. However, damage to the orbitofrontal cor- 

ex can also alter risk taking behaviors. As the pandemic wears on, 

herefre, increased risk-taking coupled with lower stimulus receipt 

ould plausibly contribute to both exposure to COVID-19 and ad- 

erse health outcomes associated with infection [27] . 

We find that neighborhoods with a higher percentage of Black 

nd Hispanic populations had a higher incidence rate and death 

ate per capita relative to predominantly white neighborhoods in 

ave 1 but not in wave 2. Moreover, the incidence rate of COVID- 

9 was higher in neighborhoods with higher percentage of males, 

lder adults ( ≥75 years), and large-size households ( ≥4 members) 

n wave 1 but not in wave 2. These findings suggest that, neighbor- 

oods at higher risk of morbidity and mortality were less affected 

y the second wave of the pandemic than the first wave. This may 

e explained by the changes in the risk perception and protective 

ehavior among residents in these neighborhoods to better pro- 

ect themselves from infection [29] . However, future qualitative re- 

earch is needed in this area. 

We find little evidence that immunity impacted zip-code-level 

isk of disease in wave 2 at the neighborhood level. First, the 

eighborhoods that were most severely impacted in wave 1 were 

lso more affected in wave 2 despite having a higher prevalence 

f serum antibodies to SARS-CoV-2 [30] . At the borough level, 

ueens, Staten Island, and the Bronx had a higher rate of COVID- 

9 cases than wealthier Manhattan in wave 1. The differences of 

ueens and the Bronx with Manhattan were smaller in wave 2, but 

n Staten Island, a predominantly lower-income Republican area, 

he rate of COVID-19 cases and death per capita became more pro- 

ounced in wave 2. This may be explained by plausible exposure 

o disinformation about the disease in Staten Island [31] . 

We also find that neighborhoods with higher health insurance 

overage rate had lower death rate per capita and case fatality ra- 

io in wave 1, even although these neighborhoods had similar rates 

f COVID-19 cases compared to the other neighborhoods. Such dis- 

arity in outcomes associated with health insurance covereage was 

ot observed in wave 2. In New York City, health insurance rates 

re very high due to high levels of Medicaid coverage, which is 

ypically provided on first contact with a major medical center 

32] . Because of the ubiquity of Medicaid coverage, including for 

he foreign-born, health insurance coverage may serve as a proxy 

or nearby high quality health services that enroll patients in Med- 

caid. For example, undiagnosed depression in NYC is associated 

ith distance from a major medical center more than insurance 

tatus [33] . In addition, neighborhoods with higher percentage of 

lack population had higher case fatality ratio in both waves, a 

roup that generally lives further from medical centers. Our ob- 

erved variations in case fatality ratio associated with health in- 

urance and race/ethnicity may therefore be explained by the in- 

qualities in access to quality health service. 

In NYC, predominantly Asian neighborhoods contain large num- 

ers of Chinese Americans and Korean Americans, diaspora [34] of 

ountries that were first impacted by the COVID-19 pandemic in 

arly 2020. It is plausible that this altered behaviors of some mem- 
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ers of the community, potentially explaining the non-significant 

ssociations between the percentage of Asians within a neigh- 

orhood with the incidence rate of COVID-19, the death rate per 

apita, and the case fatality ratio in wave 1. In wave 2, neighbor- 

oods with higher percentage of Asian population had a higher 

eath rate per capita and case fatality ratio, but did not have an 

levated COVID-19 incidence rate in wave 2. The lower incidence 

ate may be explained by higher adhereance to mask-wearing 

mong Asian Americans [35] . The elevated death rate and case fa- 

ality ratio are consistent with reports showing that Asian Ameri- 

ans suffer disproportionately high COVID death rates and hospi- 

alizations [36] . While Asians in NYC have insurance coverage that 

pproaches 100%, some enclaves (such as Sunset Park) may have 

ess access to high quality medical services [27] . 

Finally, both the death rate per capita and case fatality ratio 

ere higher in neighborhoods with a higher percentage of older 

dults ( ≥75 years) in both waves, and the impact on the case fa- 

ality ratio for neighborhoods with more older adults was even 

tronger in wave 2 than in wave 1. This is possibly explained by 

he rapid spread of disease in nursing homes with the more con- 

agious variant of the virus in wave 2 [ 37 , 38 ]. 

This study has several limitations. First, the COVID-19 outcomes 

ata were obtained from NYC DOHMH COVID-19 Data on GitHub, 

 surveillance system set up for monitoring the public health cri- 

is. Data quality were affected by incomplete testing, inconsistent 

eporting, and changing protocols. The data on the number of tests 

efore June 9, 2020 were not available, so we cannot adjust for it 

n the models assessing risk factors associated with COVID-19 in- 

idence and mortality rates. Moreover, there was a higher rate of 

est availability in wave 2 than in wave 1. These factors may have 

isproportionately affected some zip codes but not others. For ex- 

mple, research suggested that people of color may face increased 

arriers to testing [39] , which may lead to an under-estimation of 

ncidence rates of COVID-19 cases in neighborhoods with higher 

ercentage of people of color [40] . Second, the neighborhood-level 

emographics and socioeconomic data were obtained from the 

ensus Bureau based on the 2019 American Community Survey 5- 

ear estimates, but the neighborhood characteristics may change 

ith large outbound moves during the pandemic. 

onclusions 

Spatial disparities in COVID-19 incidence and mortality across 

YC neighborhoods were dynamic during the first two waves of 

utbreak. We find that neighborhoods with higher percentage of 

thnic and racial minorities, older adult residents, large-size house- 

olds, and low median household income had higher COVID-19 in- 

idence and death rates in wave 1, but the associations with most 

eighborhood characteristics were attenuated in wave 2. Neverthe- 

ess, lower median household income was associated with higher 

ate of COVID-19 incidence and death rates in both waves and the 

ssociation was slightly stronger in wave 2 even as the government 

rovided additional economic support. Neighborhoods with higher 

ercentage of Black and Asian populations had higher case fatality 

atio in wave 2 even though the incidence rate did not increase, a 

actor that could be related to access to quality medical care. Our 

tudy raises a number of observations regarding the evolution of a 

andemic in a major, dense, and diverse global city. It also points 

o a number of hypotheses that may be worthy of further explo- 

ation. 
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