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ABSTRACT
Background  The coronavirus disease pandemic has 
disproportionately affected poor and racial/ethnic 
minority individuals and communities, especially 
Indigenous Peoples. The object of this study is to 
understand the spatially varying associations between 
socioeconomic disadvantages and the number of 
confirmed COVID-19 cases in New Mexico at the ZIP 
code level.
Methods  We constructed ZIP code-level data (n=372) 
using the 2014–2018 American Community Survey and 
COVID-19 data from the New Mexico Department of 
Health (as of 24 May 2020). The log-linear Poisson and 
geographically weighted Poisson regression are applied 
to model the number of confirmed COVID-19 cases (total 
population as the offset) in a ZIP code.
Results  The number of confirmed COVID-19 cases in 
a ZIP code is positively associated with socioeconomic 
disadvantages—specifically, the high levels of 
concentrated disadvantage and income inequality. It 
is also positively associated with the percentage of 
American Indian and Alaskan Native populations, net 
of other potential confounders at the ZIP code level. 
Importantly, these associations are spatially varying 
in that some ZIP codes suffer more from concentrated 
disadvantage than others.
Conclusions  Additional attention for COVID-19 
mitigation effort should focus on areas with higher levels 
of concentrated disadvantage, income inequality, and 
higher percentage of American Indian and Alaska Native 
populations as these areas have higher incidence of 
COVID-19. The findings also highlight the importance of 
plumbing in all households for access to clean and safe 
water, and the dissemination of educational materials 
aimed at COVID-19 prevention in non-English language 
including Indigenous languages.

INTRODUCTION
The COVID-19 pandemic has significantly affected 
the USA, with more than 22 million confirmed cases 
and more than 373 000 deaths as of early January 
2021.1 Racial/ethnic minorities have experienced 
disproportionately negative impacts particularly 
compared with non-Hispanic whites.2 A growing 
literature on racial/ethnic inequities in COVID-19 
infection and deaths has amplified the experiences 
of black Americans and Latinx individuals.3–6 

Unfortunately, there has been relatively limited 
investigation on the experiences of Indigenous 
Peoples; even though American Indian and Alaska 
Native Peoples (AIANs) have higher likelihood of 
contracting COVID-19, experiencing hospitalisa-
tion, and dying from COVID-19 than other racial/
ethnic groups in the USA.2 7

To fully understand the complexity of how 
COVID-19 has affected Indigenous Peoples in the 
USA, it is critical to have a careful investigation of 
the social determinants of health (SDOH) factors. 
SDOH are the conditions in which people are born, 
grow, live and work,8 9 and ecological contexts are 
good proxy of the social and physical environments 
individuals are exposed to. The SDOH framework 
has demonstrated the importance of ecological 
contexts on health inequities10 11 as they serve as 
critical distal causes of disease and illness including 
infectious disease.8 10 The SDOH framework is 
particularly important for Indigenous Peoples as 
AIANs have unique ecological contexts (including 
reservation lands) due to lasting legacies of histor-
ical injustices12 13, and may be more vulnerable to 
poorer health during the pandemic due to greater 
spatial exposure to COVID-19 in their communi-
ties. For example, Tribal lands also have a higher 
level of poverty compared with non-Tribal lands,14 
which may create living conditions that facilitate 
the spread of virus. In this ecological study, we use 
the ZIP code as the unit of analysis to examine the 
spatially varying associations between socioeco-
nomic disadvantages and the confirmed cases of 
COVID-19 (COVID-19 cases, hereafter), as well as 
the presence of AIANs.15 16 We assess the impacts 
of socioeconomic disadvantages both in absolute 
term (ie, concentrated disadvantage) and in relative 
term (ie, income equality) as the key determinant of 
health inequities.17 18 This is important as socioeco-
nomic disadvantages affect health through multiple 
interconnected pathways.14 15

New Mexico is ideal for investigating the asso-
ciations between socioeconomic disadvantages 
and the COVID-19 cases, particularly for Indige-
nous Peoples. AIANs make up about 11% of New 
Mexico’s total population, but make up more than 
half (52.7%) of the COVID-19 cases (as of mid-
May 2020).19 20 Although only 9.4% of the state 
population are foreign born,21 nearly 35% of New 
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Mexico’s residents speak a language other than English in the 
home, compared with 20% in the US population.21 Compared 
with the national average (9.5%), New Mexico has a substan-
tially higher poverty rate of 14.5%, which is the second highest 
state-level poverty rate (after Mississippi with 15.5%).21 New 
Mexico also has the widest income gap between richest and 
poorest households in the USA: the average income of the first 
quintile (top 20%) is about 10 times that of the last quintile 
(bottom 20%).22 In addition to the large presence of AIANs and 
stark socioeconomic disadvantages overall, there are likely to 
have inequalities across space due to presence of multiple Tribal 
sovereign Nations and their Tribal lands. Together, New Mexico 
provides an excellent opportunity to understand the spatially 
varying associations between socioeconomic disadvantages and 
the COVID-19 cases.

METHODS
We used data from the 2014–2018 American Community Survey 
(ACS) and COVID-19 data from the New Mexico Department 
of Health (as of 24 May 2020) to construct a ZIP code–level 
data set (N=372).19 The dependent variable was the number 
of confirmed COVID-19 cases. We created variables to gauge 
socioeconomic, demographic and housing characteristics.

Measures
Concentrated disadvantage was created using principal compo-
nent analysis (PCA) to the following five variables (with factor 
loading in parentheses): percentage of female-headed house-
holds (0.60), percentage of households with public assistance 
income (0.55), percentage of the population aged 25 and older 
without high school or equivalent (0.51), the unemployment 
rate (0.59) and the poverty rate (0.79). Only one factor has an 
eigenvalue greater than 1, suggesting a single composite factor 
score sufficiently captured the variation among these variables. 
We used linear regression to calculate the factor score (with a 
mean of 0 and SD of 1), with higher scores indicating higher 
levels of concentrated disadvantage.23 Median family income did 
not have a factor loading greater than 0.5 in PCA, we included 
logged median family income separately. Income inequality was 
assessed with the Gini coefficient ranging from 0 (completely 
equal) to 1 (completely unequal).

To assess racial/ethnic composition, we included the 
percentage of AIANs. Population density was calculated by 
dividing total population by land area (ie, per square mile) as it 
is closely related to the transmission of infectious disease.24 We 
log-transformed population density to avoid numeric singularity. 
Drawing from other important ecological studies assessing the 
determinants of differential COVID-19 cases, we included the 
variables to capture the characteristics that may be associated 
with COVID-19 both directly (eg, population characteristics) 
and indirectly (eg, structural conditions).14 25–28 We included two 
variables to capture vulnerable populations: the percentage of 
population aged 65 and older, and the percentage of working 
population with no health insurance.29 Three housing condi-
tions were the percentage of housing units with more than one 
person per room (ie, overcrowding), the percentage of housing 
units without complete kitchen facilities, and the percentage of 
housing units without complete plumbing facilities.14 25 28 To 
assess the potential exposure to infection while commuting, we 
included the percentage of workers who commute more than 
30 min to work. The final variable was the percentage of house-
holds with limited English speaking.25 28

Outcome variable
In light of the count nature of our dependent variable, we used 
both log-linear Poisson regression and geographically weighted 
Poisson regression (GWPR) to understand how the covariates 
are associated with COVID-19 cases. A log-linear Poisson regres-
sion model was expressed as:

	﻿‍
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where ‍Yi‍ represented the observed number of COVID-19 
cases in ZIP code i, and ‍Ei‍ was the total population at risk (ie, 
exposure variable), which was forced to have a regression coeffi-
cient of 1 in a log-linear Poisson model. ‍β0‍ was the intercept, and 
‍βj‍ was estimated relationship between the independent variables 
j (‍xj,i‍) and COVID-19 cases.

Because the log-linear Poisson regression model did not 
take any locational information into account, it can yield only 
the overall (ie, global) relationships between covariates and 
COVID-19 cases. To assess how these associations vary across 
space, GWPR generated estimates specific to each ZIP code, 
which allowing us to identify whether some SDOH characteris-
tics are more important in some ZIP codes than others. GWPR 
extended the log-linear model by incorporating the coordinates 
of an area into estimation,18 and a GWPR model was expressed 
as:
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In contrast to equation (1), the regression coefficients in equa-
tion (2) were specific to each ZIP code i (

‍βj,i‍
). To obtain local 

coefficients, GWPR first determined the bandwidth (h) that mini-
mised the Akaike Information Criterion corrected (AICc). Using 
the golden-section search method, GWPR implemented several 
models with different h and chose the one with the smallest 
AICc as the final bandwidth. GWPR then placed a kernel-based 
geographical weighting function (kernel radius=h) on each ZIP 
code to create spatial weights and computed the local coeffi-
cients (‍βj,i‍) with all the ZIP codes covered by the kernel window.

We used the following bisquare kernel function to obtain the 
results18:

Table 1  Descriptive statistics (N=372)

Mean SD Min Max

COVID-19 cases 15.60 47.58 0.00 509.00

Total population 5664.70 12 093.04 0.00 78 900.00

Concentrated disadvantage 0.00 1.00 −1.54 4.97

American Indian and Alaska 
Native population

13.18 28.79 0.00 100.00

Logged population density 2.13 2.90 −7.60 8.77

% Population over 65 23.16 18.00 0.00 100.00

% of Adults without insurance 17.67 17.21 0.00 100.00

Logged median income 10.83 0.36 7.82 11.97

% Overcrowded household 4.39 8.25 0.00 76.92

% Households without 
kitchen

11.20 13.00 0.00 100.00

% Households without 
plumbing

2.77 6.62 0.00 54.29

% Workers commuting more 
than 30 min.

38.58 24.84 0.00 100.00

% Households with limited 
English speaking

6.51 11.85 0.00 100.00

Gini coefficient 0.41 0.10 0.01 0.87
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where ‍dik‍ was the distance between ZIP code i and nearby 
ZIP code k. ZIP codes close to i had stronger impacts on param-
eter estimation. When the distance between two ZIP codes was 
greater than h, they were not considered in estimation. Our 
results did not change when different kernel functions (eg, 
Gaussian) were used.

Both global and local coefficients can be interpreted the same 
way: after being exponentiated, the coefficients referred to the 
sensitivity of the number of COVID-19 cases to the change in 
independent variables. The only difference between the log-
linear and GWPR results was the local coefficients can be gener-
alised only to ZIP codes within the kernel window rather than 
to all ZIP codes.

RESULTS
Table  1 presents the descriptive statistics. There were, on 
average, almost 16 confirmed COVID-19 cases, and 5665 resi-
dents in a ZIP code. Approximately 13% of the population was 
AIANs. Almost one-quarter of the population (23.16) was 65 
years or older. The logged median family income was 10.83 
(roughly $50,504), and almost 18% of working-age adults did 
not have health insurance. With respect to housing conditions, 
4.39% of housing units were overcrowded (ie, more than one 
person per room). About 11.20% and 2.76% of households 

did not have complete kitchen facilities and complete plumbing 
facilities, respectively, 38.58% of workers commuted more than 
30 min to work, and 6.51% of households had limited English 
speaking ability. The minimum Gini coefficient was 0.01 and the 
maximum income inequality was 0.87, suggesting a great varia-
tion among ZIP codes in New Mexico.

Table  2 presents the log-linear Poisson regression results. 
Model 1 considered only concentrated disadvantage, percentage 
of AIAN residents, and logged population density. The results 
suggest that every one-unit (ie, SD) increase in concentrated 
disadvantage was associated with a 33% increase in the number 
of COVID-19 cases ((exp(0.2881)–1)×100%). Similarly, a one 
percentage increase in AIANs was related to a 3.23% increase in 
the number of COVID-19 cases ((exp(0.0318)–1)×100%).

The percentages of older adults and the working popula-
tion without health insurance, and logged median income 
were added to model 2. The association between concen-
trated disadvantage and the number of COVID-19 cases 
increased: every one-unit increase in concentrated disadvan-
tage was associated with a 35% increase in COVID-19 cases 
((exp(0.03501)–1)×100%). The effect of the percentage of 
AIANs was almost unaltered in Model 2.

Model 3 further considered housing conditions and 
commuting pattern. The effect of concentrated disadvantage 
increased: a one-unit increase in concentrated disadvantage 
increased the number of COVID-19 cases by 47%. Housing 

Table 2  Poisson regression model predicting the logged odds of COVID-19 confirmed cases in New Mexico (global regression model) N=372

Model 1 Model 2 Model 3 Model 4

Concentrated disadvantage 0.2881*** 0.3501*** 0.3901*** 0.2067***

 �  (0.0211) (0.0318) (0.0326) (0.0408)

American Indian and Alaska Native population 0.0318*** 0.0309*** 0.0266*** 0.0303***

 �  (0.0005) (0.0006) (0.0008) (0.0009)

Population density 0.1506*** 0.1317*** 0.1382*** 0.0970***

 �  (0.0084) (0.0088) (0.0094) (0.0099)

% Population over 65 −0.0305*** −0.0295*** −0.0635***

 �  (0.0033) (0.0034) (0.0038)

% of Adults without insurance 0.0007 0.002 −0.0119***

 �  (0.002) (0.0021) (0.0023)

Logged median income 0.4409*** 0.7920*** 1.0868***

 �  (0.0785) (0.0879) (0.092)

% Overcrowded household 0.0179*** 0.0033

 �  (0.0041) (0.0046)

% Households without kitchen −0.0109*** −0.0203***

 �  (0.0031) (0.0034)

% Households without plumbing 0.0363*** 0.0411***

 �  (0.0032) (0.0034)

% Workers commuting more than 30 min. 0.002 0.0068***

 �  (0.0011) (0.0011)

% Households with limited English speaking 0.0232***

 �  (0.0031)

Gini coefficient 7.6082***

 �  (0.3576)

Intercept −7.4867*** −11.7494*** −15.7662*** −21.6959***

Pseudo-R2 0.5952 0.6042 0.623 0.6534

AIC 5742.6687 5620.2369 5362.9684 4936.4552

* p<0.05; ** p<0.01; *** p<0.001.
AIC, Akaike Information Criterion.
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conditions and the number of COVID-19 cases were also 
statistically related. Housing units with more than one 
person per room and without complete plumbing each had a 
positive association with increased the number of COVID-19 
cases—nearly 2% and 4%, respectively (((exp(0.0179)–
1)×100%) and ((exp(0.0363)–1)×100%)). Housing units 
with a full kitchen had a slight negative association with the 
number of COVID-19 cases.

In model 4, the Gini coefficient and language limitation 
seemed to modify the association between concentrated 
disadvantage and the number of COVID-19 cases. Specif-
ically, a one-unit increase in concentrated disadvantage 
was associated with only a 23% increase in the number 
of COVID-19 cases ((exp(0.2067)–1)×100%). Every one 
percentage point increase in households with limited English 
use was associated with a 2.35% increase in the number 
of COVID-19 cases ((exp(0.0232)–1)×100%). Income 
inequality, measured by the Gini coefficient, had a strong 
positive association with the number of COVID-19 cases. 
A 0.1-unit (approximately 1 SD) increase in the Gini coef-
ficient was associated with a 114% increase in the number 
of COVID-19 cases ((exp(7.6082×0.1)–1)×100%), net of 
other factors.

We summarised the local estimates in table  3. The first 
five columns show how the local estimates vary. The last 
column shows the difference in criterion (‘Diff-criterion’): 
χ2 test results for spatially varying associations. A negative 
number in in this column suggests that the variation in local 
estimates of a certain variable was large enough to conclude 
that the relationship between this variable and the number 
of COVID-19 cases varied by location.30 All our covariates 
demonstrated spatially varying relationships with the number 
of COVID-19 cases. For example, concentrated disadvantage 
had a minimum relationship with the number of COVID-19 
cases of –1.02 but a maximum relationship of 4.85. The IQR 
is 0.88. The negative diff-criterion (–89.19) indicates that 
the variation in these estimates was large enough to reject 
the null hypothesis that there is no spatial variability.

The local coefficients of concentrated disadvantage were 
visualised in figure 1. ZIP codes not covered by colour report 
a null relationship between concentrated disadvantage and 
the number of COVID-19 cases. The area with the stron-
gest detrimental impact was represented in red. This area of 

northern New Mexico includes four of the major cities as 
well as Tribal and Pueblo lands. Areas shown in yellow are 
those in which highly concentrated disadvantage was posi-
tively associated with the number of COVID-19 cases, net of 
other covariates. These yellow areas included Tribal lands. 
Some ZIP codes in the southwestern area showed a nega-
tive relationship between concentrated disadvantage and 
the number of COVID-19 cases (shown in blue). Figure  1 
shows significant variation for concentrated disadvantage 
and confirms the spatially varying association between 

Table 3  Geographically weighted regression summary results

Min. Q1 Q2 Q3 Max. Diff-criterion+

Intercept −51.1452 −25.3470 −14.9626 −5.6791 19.5692 −110.2911

Concentrated disadvantage −1.0194 0.1835 0.6205 1.0611 4.8453 −89.1893

American Indian and Alaska Native population −0.8980 −0.0090 0.0150 0.0308 0.2600 −61.4442

Logged population density −0.6008 −0.0435 0.0578 0.1787 0.4183 −64.8459

% Population over 65 −0.1099 −0.0360 −0.0216 −0.0070 0.0436 −19.2598

% of Adults without insurance −0.2019 −0.0208 0.0007 0.0148 0.0545 −170.0925

Logged median income −2.6788 −0.1945 0.5840 1.4915 4.1357 −159.8876

% overcrowded household −0.6340 −0.0627 −0.0217 0.0064 0.1206 −60.1454

% Households without kitchen −0.2488 −0.0736 −0.0287 −0.0127 0.0472 −114.3319

% Households without plumbing −0.1186 −0.0365 0.0384 0.0940 0.2278 −66.1428

% Workers commuting more than 30 min. −0.0452 −0.0108 −0.0007 0.0148 0.0493 −120.1968

% Households with limited English speaking −0.1752 −0.0028 0.0199 0.0497 0.0845 −2.9078

Gini coefficient −6.0546 1.5256 3.2049 5.8544 14.4680 −64.5240
+Diff-criterion refers to the χ2 test result for the difference between the original GWPR model and the constant model. A negative value suggests spatial variability.

Figure 1  Impacts of concentrated disadvantage on COVID-19 cases in 
New Mexico.
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concentrated disadvantage and the number of COVID-19 
cases.

DISCUSSION
The COVID-19 pandemic has disproportionately affected racial/
ethnic minorities,1 2 31 especially for AIAN persons and commu-
nities.14 25 28 32 Our study sought to understand the roles of AIAN 
presence, socioeconomic disadvantages and other key SDOH 
indicators in the number of COVID-19 cases in New Mexico. 
We found the positive associations among socioeconomic disad-
vantages (concentrated disadvantage and income inequality), 
SDOH characteristics (percentage of households without 
complete plumbing), and the number of COVID-19 cases.

Early evidence from the initial phase of the COVID-19 
pandemic indicates that the number of COVID-related 
deaths has been higher in areas with higher poverty in the 
USA.31 Our results support this general finding in that ZIP 
codes with higher concentrated disadvantage had greater 
number of COVID-19 cases. The concentrated disadvantage 
measure could be considered an important proxy measure 
of household access to resources, economic stability, 
healthcare, and remote-access jobs to reduce exposure to 
the COVID-19 virus.8 9 18 33–35 Furthermore, as presented 
in figure  1, the impact of concentrated disadvantage on 
COVID-19 cases vary spatially. The areas impacted by 
concentrated disadvantage share several characteristics 
that increase the risk of contracting COVID-19 including 
poor housing conditions.36 Four of the nine major cities in 
New Mexico (ie, Albuquerque, Rio Rancho, Santa Fe, and 
Farmington) are represented in the hardest-hit areas, which 
might be explained by higher population density (ie, more 
face-to-face contacts) and more AIANs.37 For areas with 
higher concentrated disadvantage, federal, state and local 
agencies should consider place-based mitigating strategies 
to allocate additional resources to ameliorate the effects of 
concentrated disadvantage. Income inequality is a key factor 
in racial health inequities.35 38 Our result also suggests that 
differential COVID-19 cases are also associated with income 
inequality. Our results also hint that sociospatial sorting of 
income groups may occur at a larger geographical scale than 
a ZIP code level, and future study should investigate how the 
association between income inequality and COVID-19 cases 
may differ across geographical scales.

We found that areas with higher percentage of AIANs are 
associated with higher COVID-19 cases, consistent with 
other ecological studies.14 25 28 Although our results show 
the independent association of AIANs with COVID-19, it is 
important to note that these areas impacted by concentrated 
disadvantage closely overlap with multiple Tribal lands with 
high concentration of AIANs. The majority of residents 
on Tribal lands consist of AIANs, thereby suggesting the 
exacerbating effects of existing social inequalities during 
the pandemic and disproportionately affecting Indige-
nous Peoples. Unfortunately, it was beyond the scope of 
our analysis to examine this type of interaction effect; yet 
future research should consider innovative ways to measure 
multifaceted and multiple experiences of disadvantage and 
inequality.

Lastly, we found that areas with increased population 
density and a higher percentage of households without 
complete plumbing had a higher number of COVID-19 
cases, which is consistent with other previous findings using 
the ecological level analyses with emphasis on AIANs.14 25 28

Strengths and limitations
The strengths of our study are that we used COVID-19 data 
from the New Mexico Department of Health (as of 24 May 
2020) and 2014–2018 ACS to construct an innovative ZIP 
code-level data set (n=372), which permitted more nuanced 
analyses than county-level or state-level data would allow. In 
addition, this study is among the first to provide evidence for 
the relationship between AIANs and COVID-19 cases after 
controlling for potential confounders. Furthermore, using 
a spatial perspective that highlights the local spatial varia-
tions, this study offers further insight into how the effects 
of SDOH characteristics vary within New Mexico. This has 
implications for designing the effective place-based policies 
to mitigate the spatially differing impacts of COVID-19.

We note three limitations of our study. First, the study is 
an ecological assessment at the ZIP code level, and the find-
ings cannot be inferenced to AIAN persons or to other units 
of analysis (eg, ecological fallacy). It is also a cross-sectional 
study that captures the associations between social inequali-
ties and the number of confirmed COVID-19 cases based on 
data collected through 24 May. Given that the pandemic is 
ongoing and ever shifting, future research should explicitly 
consider the temporal component. Second, the current study 
focuses only on New Mexico, and the experiences of Indig-
enous Peoples from other states likely differ qualitatively 
and substantively. Finally, the results should be interpreted 
cautiously because the number of confirmed COVID-19 
cases does not reflect the current risk of transmission but 
rather the accumulated total over a few months.

Indigenous communities in the USA have experienced a 
higher incidence of COVID-19.5 7 Our study suggests the 
importance of addressing multiple pathways of socioeco-
nomic disadvantages (ie, concentrated disadvantage and 
income inequality) in the COVID-19 pandemic. To address 
inequities, public health policy interventions should advo-
cate the building of infrastructure, such as plumbing in all 
households to allow access to clean and safe water as well as 

What is already known on this subject

►► The coronavirus disease has disproportionally affected 
population health across poor and racial/ethnic minority 
individuals and communities. The social determinants of 
health framework and the infection trends in the USA have 
documented that individuals of lower income and individuals 
who belong to racial and ethnic groups are unequally 
infected.

What this study adds

►► This study showed that geographical areas with 
socioeconomic disadvantages—measured by concentrated 
disadvantage, income inequality—and a higher percent of 
American Indian and Alaska Native persons are associated 
with a higher number of confirmed COVID-19 cases. Public 
health policy interventions should also advocate the access 
to clean and safe water for all households as well as 
educational materials in non-English including Indigenous 
languages.
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the dissemination of educational materials aimed at preven-
tion—especially in multiple Indigenous languages.

Twitter Kimberly R Huyser @NavajoProf and Aggie J Yellow Horse @DrYellowHorse
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