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Abstract 

Background There is limited information on the extent and patterns of disparities in COVID-19 mortality through-
out the pandemic. We aimed to examine trends in disparities by demographics over variants in the pre- and post-
vaccine availability period among Californian workers using a social determinants of health lens.

Methods Using death certificates, we identified all COVID-19 deaths that occurred between January 2020 and May 
2022 among workers aged 18–64 years in California (CA). We derived estimates for at-risk worker populations using 
the Current Population Survey. The waves of COVID-19 mortality in the pre-vaccine availability period were March 
2020-June 2020 (wave 1), and July 2020-November 2020 (wave 2), and in the post-vaccine availability period: Decem-
ber 2020-May 2021 (wave 3), June 2021-January 2022 (wave 4), and February 2022-May 2022 (wave 5). Poisson 
regression models with robust standard errors were used to determine wave-specific mortality rate ratios (MRRs). We 
examined the change in MRR across waves by including an interaction term between each demographic characteris-
tic and wave period in different models. The role of potential misclassification of Race/ethnicity on death certificates 
was examined using probabilistic quantitative bias analysis as sensitivity analysis.

Results Among the 24.1 million working age CA population included in the study, there were 26,068 COVID-19 
deaths in the period between January 2020 and May 2022. Compared with their respective reference groups, work-
ers who were 50–64 years old, male, Native Hawaiian, Latino, or African American, foreign-born; individuals who had 
lower education; and unmarried were disproportionately affected by COVID-19 mortality. While disparities by sex, 
race/ethnicity and foreign-born status narrowed in later waves (post-vaccine availability), disparities by age, education 
level and marital status did not change substantially across waves.

Conclusion Demographic disparities in COVID-19 mortality narrowed in the post-vaccine availability waves. How-
ever, the existence of disparities across all waves of the pandemic, even in an era of widespread vaccine coverage, 
could indicate remaining gaps in prevention and differential vulnerability. Addressing the underlying social, structural, 
and occupational factors that contribute to these disparities is critical for achieving health equity.
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Introduction
During the pandemic, COVID-19 was among the top 
causes of death in the U.S [1]. Excess COVID-19 mor-
tality was detected among older individuals [2], men [3, 
4], individuals without college or high school diplomas 
[5–7], foreign-born persons [8–10], individuals with non-
Hispanic black and Latino race/ethnicity [11–13], and 
frontline workers [14]. Moreover, nearly one-quarter of 
COVID-19 cases are attributed to work, which makes 
the intersection of work and other social determinants of 
health critical [15, 16].

Social determinants of health (SDOH) capture the con-
ditions in which people live and work, strongly shape 
health-related behaviors and outcomes, and are increas-
ingly recognized for their role in health disparities [17, 
18]. Previous studies show that SDOH are often the 
underlying drivers of disparities in health outcomes and 
may be targeted for change as a mechanism to reduce 
disparities in outcomes such as COVID-19 [19, 20]. 
For instance, individual COVID-19 preventative health 
behaviors, such as mask wearing, social distancing, shel-
tering in place, and vaccine uptake, are embedded within 
social health literacy, social networks and work [5, 21]. 
The ability to telework, access to sick leave and protec-
tion through COVID-19 safety and mitigation policies 
reduced adverse COVID-19 outcomes [22].

Understanding when and which workers died from 
COVID-19 has important implications for future preven-
tion. While there is some evidence regarding disparities 
in COVID-19 mortality according to demographics, a 
comprehensive assessment of worker characteristics can 
provide insights into how several demographic risk fac-
tors could interact and help identify subgroups of worker 
populations that were disproportionately impacted by 
COVID-19 [23]. In addition, research on how dispari-
ties by worker demographics have changed throughout 
the pandemic within the context of changes in policies, 
resources, mitigation measures and the availability of 
vaccines is scarce. An assessment of patterns in COVID-
19 mortality among workers can help identify and char-
acterize disparities that have persisted throughout the 
pandemic.

The objective of this study was to examine disparities 
in the COVID-19 mortality rate among working Califor-
nians by sex, race/ethnicity, age, education level, foreign-
born status and marital status and temporal trends in 
disparities over variant periods or waves of mortality.

Methods
Study design and population
For this population-based retrospective cohort study, 
we used data from California’s COVID-19 case registry, 
the Electronic Death Registration System (EDRS), and 

the Employment Development Department (EDD) to 
identify all COVID-19 deaths among individuals aged 
18–64 years who were in the labor force. We used current 
population survey (CPS) data to derive estimates of the 
California population (aged 18–64 years) that was in the 
labor force during the various waves of COVID-19 mor-
tality between January 2020 and May 2022.

We defined the waves based on the peaks of COVID-
19 mortality [24, 25]. The dominant variants circulat-
ing during these waves were Alpha and Epsilon in wave 
3, Delta in wave 4 and Omicron during wave 5 [26, 27]. 
The five waves included the periods of March 2020-June 
2020 (Wave 1), and July 2020-November 2020 (Wave 2), 
in the pre-vaccination period, and December 2020-May 
2021 (Wave 3/ Epsilon & Alpha variants), June 2021-Jan-
uary 2022 (Wave 4/Delta variant), and February 2022-
May 2022 (Wave 5/Omicron variant) in the post vaccine 
availability period given that COVID-19 vaccines were 
first available in December 2020 [28]. Based on the date 
of death reported in the death certificates, COVID-19 
deaths were attributed to a specific wave.

Data collection and measures
Data source
The mortality data, including worker demographic 
characteristics such as age, sex, race/ethnicity, educa-
tion level, foreign-born status, and marital status, were 
obtained from the electronic death certificates within 
the EDRS. The California COVID-19 case registry, 
which contains local health jurisdiction reports of all 
laboratory-confirmed COVID-19 cases among California 
residents and case patient vital status, was used to iden-
tify COVID-19 worker deaths. EDRS and EDD records 
derived from quarterly tax reports were used to deter-
mine individuals’ employment status prior to death. Vari-
ables from the three data sources, EDRS, the COVID-19 
case registry and the EDD, were merged to generate a 
dataset of the COVID-19 decedents and their character-
istics. Additional details on definitions and data source 
linkages were described in previous studies [12, 29].

The denominators used to estimate the California pop-
ulation of workers at risk of death during each COVID-
19 mortality wave were obtained from the monthly CPS, 
which is a US household survey conducted jointly by the 
US Census Bureau and the Bureau of Labor Statistics. 
We used CPS estimates available from the Integrated 
Public Use Microdata Series (IPUMS) website to obtain 
person-level data with strata of the same set of charac-
teristics as the mortality data and weights correspond-
ing to the number of individuals represented [30]. After 
restricting the sample to individuals aged 18–64  years 
and in the labor force, population counts were created by 
summing CPS person weights for each wave to account 
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for seasonal variation in the worker population. We con-
structed a dataset of COVID-19 decedents who were 
confirmed or likely working and working populations 
at risk by appending the CPS population dataset to the 
mortality dataset.

The California Health and Human Services Agency’s 
Committee for the Protection of Human Subjects deter-
mined that this project was exempt from review because 
the activities involved public health practice/surveillance, 
not research. Informed consent for the use of identifiable 
information by a public health agency for public health 
practice/surveillance is not needed.

Measures
The demographic characteristics of the workers (expo-
sures) analyzed, include age group, sex, race/ethnicity, 
foreign-born status, education level, and marital sta-
tus. The age groups included 18–29 (reference group), 
30–39, 40–49, 50–59 and 60–64  years. Race/ethnicity 
included non-Hispanic White (reference group, here-
after referred as white), non-Hispanic Black or African 
American (hereafter referred as African American), non-
Hispanic Asian American (hereafter referred as Asian), 
non-Hispanic American Indian or Alaska Native (here-
after referred as American Indian), non-Hispanic Native 
Hawaiian or Other Pacific Islander (hereafter referred 
as Native Hawaiian), and Hispanic or Latino (hereaf-
ter referred as Latino). Education level was categorized 
as follows: 1) high school or less (including GED, high 
school graduate and no diploma, referent group); 2) bach-
elor’s degree, associate degree, or some college group; 
3) master’s degree; 4) professional; or 5) doctorate. Sex, 
foreign-born status, and marital status were binary with 
female, U.S. birth (including U.S territory) and currently 
married status used as reference groups, respectively. In 
each analysis, groups with lower or the lowest mortality 
rates in most waves were chosen as the reference group, 
except for education level, for which the group with the 
largest sample size (fatalities) was chosen as the reference 
group (i.e., education level of high school or less).

The outcome was COVID-19 mortality based on local 
health jurisdiction determinations reported in the Cali-
fornia COVID-19 case registry. All other deaths were 
considered non-COVID-19 deaths. The worker popu-
lation strata obtained from the CPS represented living 
individuals.

Statistical analysis
We used Poisson regression with robust standard errors 
to generate mortality rate ratios (MRRs) for each charac-
teristic compared to those of the reference group. Using 
complete-case analysis, we ran separate models for each 
wave using wave-specific weights and a specific covariate 

adjustment set (for each main predictor) in the regression 
models. Using separate models for each characteristic, 
we assessed the significance of the change in MRR across 
waves by including an interaction term between each 
characteristic and wave period [31]. Comparisons were 
made by selecting the previous wave period as the refer-
ent period; e.g., changes from Waves 1 (ref ) to 2, 2 (ref ) 
to 3, 3 (ref ) to 4 and 4 (ref ) to 5 were examined. Results 
were considered statistically significant at an alpha level 
of p < 0.05. To adjust for multiple hypothesis testing, we 
used the Romano-wolf method, which uses bootstrap 
resampling to control for the familywise error rate and 
has been shown more powerful in its ability to correctly 
reject false null hypotheses than prior methods [32].

We used directed acyclic graphs available here as a 
conceptual framework to help determine the relationship 
between variables and covariates to adjust for in each 
analysis. The adjustment set for each of the six exposures 
analyzed were as follows: 1) for analysis by age group: 
sex; 2) for analysis by education level: foreign-born sta-
tus, race/ethnicity, age group, and sex; 3) for analysis by 
race/ethnicity: age group, sex, and foreign-born status; 4) 
for analysis by sex: age group; 5) for analysis by marital 
status: age group, sex, and race/ethnicity; and 6) for anal-
ysis by foreign-born status: age group and sex.

Sensitivity analyses
We undertook several sensitivity analyses to examine the 
role of misclassification of race/ethnicity, misclassifica-
tion of education level and the impacts of restriction by 
employment status on our results.

Given previous reports of misclassification of race/
ethnicity on death certificates [33, 34], we conducted 
a quantitative bias analysis to estimate the sensitivity 
of our findings to potential misclassification of Ameri-
can Indian (AI) and Asian American, Native Hawaiian 
and Pacific Islander (AANHPI) racial/ethnic groups on 
death certificates. We conducted probabilistic sensitivity 
analysis via Monte Carlo simulations, with 10,000 repli-
cations, to derive bias-adjusted estimates for the associa-
tion between race/ethnicity and COVID-19 mortality (in 
a case–control approach) along with the 2.5th and 97.5th 
simulation limits [35, 36]. In this analysis, COVID-19 
decedents whose race/ethnicity was derived from death 
certificates were considered “cases” while CA worker 
population estimates whose self-identified race/ethnic-
ity values were from CPS were considered “controls”. 
Those identified as AI and AANHPI (in separate analy-
ses) represented “exposed” while the reference racial/eth-
nic group White represented “unexposed”. We analyzed a 
scenario of misclassification of exposure (race/ethnicity) 
differential by outcome (that only applied to decedents) 
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that would mainly be generated by under ascertainment 
of the exposed racial groups in death certificates [33].

Since self-identified race/ethnicity from CPS estimates 
(“controls”) are considered as standard for race/ethnic-
ity determination [33], and given the high accuracy of 
reports of race/ethnicity for white populations in death 
certificates (“cases unexposed”) [33], we assumed sensi-
tivity and specificity of 0.99 to 1 for CPS estimates of AI 
and AANHPI ( “controls exposed”) and white (“controls 
unexposed”) respectively, and specificity of 0.99 to 1 for 
death certificate reports of white (“cases unexposed”). 
Based on previous underreporting of AI in death cer-
tificates, we assumed a sensitivity of 0.55 to 0.85 (“cases 
exposed”) [33, 34]. We assumed a sensitivity of 0.85 to 
0.95 for AANHPI identification in death certificates [33]. 
All bias parameters used uniform distribution.

Considering potential inaccuracies in reporting of edu-
cation level, we conducted another sensitivity analysis 
combining master’s, doctorate, and professional degree 
holders into one graduate degree category.

Finally, since our study was restricted to the workforce 
(i.e., decedents likely or confirmed to be working prior 
to death) and since both demographic information and 
predictors of mortality, such as health status and comor-
bidities, could affect employment status, we conducted a 
third sensitivity analysis to examine these associations in 
the entire California population aged 18–64 years with-
out restriction by work status. SAS 9.4 (SAS Institute, 
Cary, NC) was used for generating the analytic dataset 
and for data analysis.

Results
The characteristics of the worker study population are 
presented in Table 1. Overall, of the 38,872,799 Califor-
nians and 48,325 COVID-19 deaths, 24,133,578 workers 
and 26,068 COVID-19 decedents were included in the 
study. Among COVID-19 decedents, there was overrep-
resentation of those aged 50–64 (72.2% of COVID-19 
decedents vs 29.7% of the population), Latinos (61% vs 
40% of the population), those with the lowest education 
levels (66.2% vs 39.9% of the population) and foreign-
born workers (51.0% vs 32.7% of the population). For-
eign-born status, education level and race/ethnicity were 
unknown for 4.1%, 3.5% and < 1%, respectively, of the 
COVID-19 decedents. There were no missing values for 
other characteristics reported.

The crude mortality rate (MR) according to six demo-
graphic characteristics for each wave among work-
ers is shown in Table  2. COVID-19 mortality among 
workers was highest during Wave 3 (n = 8759, MR per 
100,000 = 50.40), followed by Wave 4 (n = 4975, MR per 
100,000 = 27.92) (Table 2). In all waves, males had higher 
COVID-19 MR than females; COVID-19 MR increased 

as age group increased; those with the lowest education 
level consistently had the highest mortality rates; foreign-
born had higher rate of COVID-19 mortality than US-
born and those who were married had slightly higher 
unadjusted mortality rates than those not married. By 
race/ethnicity, Native Hawaiian and Other Pacific Island-
ers had the highest mortality rate, followed by Latinos, 
during Waves 2 and 3. Whites had the lowest mortality 
rate in Waves 1, 2 and 3, while Asians had the lowest rate 
in later waves (Waves 4 and 5).

According to the adjusted models shown in Table  3, 
compared to females, male workers had a greater 

Table 1 Characteristics of California worker COVID-19 decedents 
and working age population, aged 18–64 years, January 2020 to 
May 2022

Professional includes MD, DDS, DVM, LLB, and JD

Characteristics COVID-19 
decedents 
(n = 26,068)

CA worker 
population 
(n = 24,133,578)

Age
 18–29 679 2.6% 6,391,077 26.5%

 30–39 1,998 7.7% 5,656,737 23.4%

 40–49 4,581 17.6% 4,909,753 20.3%

 50–59 10,268 39.4% 4,860,748 20.1%

 60–64 8,542 32.8% 2,315,263 9.6%

Sex
 Female 8,406 32.2% 12,109,222 50.2%

 Male 17,662 67.8% 12,024,356 49.8%

Race/ethnicity
 White 5,263 20.2% 9,034,853 37.4%

 African American 2,113 8.1% 1,419,552 5.9%

 Latino 15,900 61.0% 9,627,600 39.9%

 Asian American 1,883 7.2% 3,769,006 15.6%

 American Indian 209 0.8% 117,661 0.5%

 Native Hawaiian 
and Other Pacific Islander

284 1.1% 144,600 0.6%

 Multi-Race & other 416 1.6% 20,306 0.1%

Foreign-born
 US-born 12,780 49.0% 16,234,534 67.3%

 Foreign-born 13,288 51.0% 7,899,044 32.7%

Education
 GED, HS Graduate or less 17,253 66.2% 8,911,113 36.9%

 Bachelor’s & associate 
degree including some 
College

7,186 27.6% 12,225,648 50.7%

 Master’s 420 1.6% 2,261,144 9.4%

 Professional 185 0.7% 287,945 1.2%

 Doctorate 104 0.4% 447,728 1.9%

Marital Status
 Not married 13,105 50.3% 12,674,310 52.5%

 Married 12,963 49.7% 11,459,268 47.5%
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mortality rate in all waves. The differences by sex nar-
rowed from Waves 1 to 5, with the highest disparity 
observed in Wave 1 (MRR = 2.80, 95% CI (2.48 to 3.15)), 
the smallest observed in Wave 5 (MRR = 2.02, 95% CI 
(1.85 to 2.20)) and the largest change observed between 
Waves 3 and 4 (Fig. 1a).

Compared to those aged 18–29 years, each age group 
increase among workers was associated with an increase 
in mortality in all waves. The differences in MRR accord-
ing to age were greatest in Wave 3 and smallest in Wave 
4. Among those aged 50–59 and 60–64 years, there was 
an increase in the MRR from Waves 2 to 3 and a decrease 
in the MRR from Waves 3 to 4. Overall, disparities by age 
did not change substantially across waves (Fig. 1b).

Compared to US-born workers, foreign-born work-
ers had a greater mortality rate in most waves except in 
Waves 4 and 5 (during the Delta and Omicron variants). 
The disparity between foreign-born and US-born work-
ers substantially decreased from Wave 1 (MRR = 3.38, 
95% CI (3.04 to 3.76)) to Wave 5 (MRR = 0.88 95% CI 
(0.81 to 0.95)) (Fig. 1c).

By race/ethnicity, Native Hawaiian, Latino, and Afri-
can American workers had higher mortality rates than 
Whites in all waves. We observed substantial changes 
in racial disparities for the following transitions: Waves 
2 to 3 for declines in MRR among Latino and Native 
Hawaiian Americans; Waves 3 to 4 for declines in MRR 
among African Americans; Latino, Asian, and Native 

Table 2 Crude COVID-19 mortality rate per 100,000 by worker characteristics

Mortality count in each Wave was Wave 1: 1665, Wave 2:3378, Wave 3: 8759, Wave 4: 4975, Wave 5: 2754

Characteristics Wave 1 (Mar 
2020-Jun 2020)

Wave 2 (Jul 
2020-Nov 2020)

Wave 3/ Epsilon & Alpha 
variants (Dec 2020-May 2021)

Wave 4/Delta (Jun 
2021-Jan 2022)

Wave 5/Omicron 
(Feb 2022-May 
2022)

All Workers 9.51 19.26 50.40 27.92 15.24

Age
 18–29 0.78 1.61 2.87 2.82 1.37

 30–39 2.68 4.49 10.27 10.03 3.75

 40–49 6.52 13.35 31.89 24.61 10.57

 50–59 15.81 33.72 86.49 47.46 25.11

 60–64 35.58 74.06 201.84 87.11 57.69

Sex
 Female 4.07 9.09 24.17 15.16 8.51

 Male 11.44 23.59 60.31 33.47 17.60

Race/ethnicity
 White 2.49 5.64 17.26 19.44 11.29

 African American 9.40 20.42 51.27 43.12 23.25

 Latino 15.25 30.64 72.46 31.73 15.91

 Asian American 4.41 8.07 25.68 10.31 5.34

 American Indian 6.40 16.11 61.99 74.69 33.11

 Native Hawaiian and Other 
Pacific Islander

12.28 62.14 82.79 54.43 20.29

Foreign-born
 US-born 4.12 9.98 26.67 24.64 12.72

 Foreign-born 16.68 31.53 80.25 25.90 14.72

Education
 GED, HS Graduate or less 18.02 36.61 83.88 45.58 23.44

 Bachelor’s & associate 
degree including some 
College

3.72 8.40 25.34 17.44 9.22

 Master’s 1.55 2.89 6.36 5.22 3.26

 Professional 4.14 9.80 25.65 15.22 8.06

 Doctorate 1.95 3.40 10.98 3.75 3.08

Marital Status
 Not married 7.85 16.15 39.06 22.66 13.03

 Married 8.37 17.74 48.47 27.76 13.81
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Hawaiian; and Waves 4 to 5 for reductions in MRR 
among African Americans. Overall, in Waves 4 and 5 
(during delta and omicron variants), disparities drasti-
cally decreased for most racial groups (Native Hawai-
ian, Latino, African American and Asian), except for 
Native Americans (Fig.  1d). In sensitivity bias analy-
sis, the bias corrected estimates for AI (OR wave 1 to 
5 = 5.3, 95%CI (3.2, 20.4) to 6.2, 95%CI (3.9, 13.4)) were 
larger than the observed estimates (OR wave 1 to 5 = 2.4 

(1.0, 5.9) to 3.0 (2.1, 4.3)) but showed a similar pattern 
in which the AI racial group continued to have higher 
relative mortality than White in later waves, particu-
larly during Delta variant. The bias corrected estimates 
for the combined AANHPI group showed larger esti-
mates than observed but declining relative mortality in 
later waves similar to the pattern for Asian Americans. 
The observed estimates for AI were biased towards the 
null whereas those for AANHPI were biased toward 

Table 3 Adjusted Mortality Rate Ratio (MRR) with 95%CI for working California population comparing each characteristic to their 
respective referent groups

Estimates were derived from separate models for each characteristic in each wave. Romano–Wolf adjusted p-values are shown in parentheses next to 95% Cis

Wave 1 Wave 2 Wave 3/ Epsilon & 
Alpha variants

Wave 4/Delta Wave 5/Omicron

Characteristics (Mar 2020-Jun 2020) (Jul 2020-Nov 2020) (Dec 2020-May 2021) (Jun 2021-Jan 2022) (Feb 2022-May 2022)
Age (ref-18–29)
 30–39 3.43 (2.35 to 5.03) 

(0.02)
2.80 (2.14 to 3.65) 
(0.02)

3.34 (2.75 to 4.05) (0.02) 3.66 (3.02 to 4.44) 
(0.02)

2.67 (2.01 to 3.55) (0.02)

 40–49 8.41 (5.86 to 12.06) 
(0.02)

8.21 (6.43 to 10.47) 
(0.02)

10.5 (8.76 to 12.59) 
(0.02)

8.48 (7.06 to 10.19) 
(0.02)

7.39 (5.69 to 9.6) (0.02)

 50–59 20.46 (14.42 to 29.03) 
(0.02)

21.42 (16.93 to 27.11) 
(0.02)

28.99 (24.3 to 34.58) 
(0.02)

16.61 (13.88 to 19.86) 
(0.02)

18.18 (14.12 to 23.41) 
(0.02)

 60–64 45.75 (32.14 to 65.12) 
(0.02)

45.53 (35.92 to 57.72) 
(0.02)

66.29 (55.53 to 79.13) 
(0.02)

29.53 (24.62 to 35.42) 
(0.02)

39.18 (30.4 to 50.5) (0.02)

Sex (ref-female)
 Male 2.80 (2.48 to 3.15) 

(0.01)
2.62 (2.41 to 2.84) 
(0.01)

2.54 (2.41 to 2.67) (0.01) 2.22 (2.09 to 2.37) 
(0.01)

2.02 (1.85 to 2.2) (0.01)

Race/ethnicity (ref-white)
 African American 4.88 (3.84 to 6.21) 

(0.02)
4.51 (3.84 to 5.31) 
(0.02)

4.09 (3.68 to 4.53) (0.02) 2.97 (2.68 to 3.3) (0.02) 2.48 (2.15 to 2.85) (0.02)

 Latino 5.65 (4.8 to 6.66) (0.02) 6.30 (5.62 to 7.06) 
(0.02)

5.02 (4.69 to 5.37) (0.02) 2.61 (2.42 to 2.81) 
(0.02)

2.25 (2.03 to 2.48) (0.02)

 Asian American 1.31 (1.03 to 1.66) 
(0.04)

1.24 (1.05 to 1.47) 
(0.04)

1.41 (1.28 to 1.56) (0.02) 0.76 (0.67 to 0.87) 
(0.02)

0.67 (0.56 to 0.8) (0.02)

 American Indian 3.11 (1.28 to 7.56) 
(0.04)

3.43 (1.77 to 6.64) 
(0.04)

4.93 (3.71 to 6.54) (0.02) 4.62 (3.55 to 5.99) 
(0.02)

4.78 (3.3 to 6.93) (0.02)

 Native Hawaiian 
and Other Pacific 
Islander

6.39 (3.65 to 11.17) 
(0.02)

9.72 (6.96 to 13.57) 
(0.02)

5.41 (4.28 to 6.84) (0.02) 3.22 (2.56 to 4.04) 
(0.02)

2.19 (1.53 to 3.15) (0.02)

Foreign born (ref-US-born)
 Foreign born 3.38 (3.04 to 3.76) 

(0.01)
2.43 (2.27 to 2.61) 
(0.01)

2.30 (2.2 to 2.4) (0.01) 0.78 (0.73 to 0.83) 
(0.01)

0.88 (0.81 to 0.95) (0.01)

Education (ref-HS)
 Bachelors, associate, 
or College

0.44 (0.38 to 0.5) (0.01) 0.41 (0.38 to 0.45) 
(0.01)

0.53 (0.5 to 0.56) (0.01) 0.43 (0.4 to 0.46) (0.01) 0.46 (0.42 to 0.51) (0.01)

 Masters 0.19 (0.13 to 0.28) 
(0.01)

0.17 (0.13 to 0.23) 
(0.01)

0.13 (0.11 to 0.16) (0.01) 0.14 (0.11 to 0.16) 
(0.01)

0.15 (0.12 to 0.2) (0.01)

 Professional 0.47 (0.26 to 0.84) 
(0.06)

0.48 (0.32 to 0.72) 
(0.06)

0.47 (0.37 to 0.6) (0.06) 0.29 (0.21 to 0.4) (0.06) 0.29 (0.19 to 0.45) (0.06)

 Doctorate 0.24 (0.12 to 0.48) 
(0.01)

0.18 (0.1 to 0.32) (0.01) 0.21 (0.15 to 0.28) (0.01) 0.08 (0.05 to 0.14) 
(0.01)

0.16 (0.09 to 0.28) (0.01)

Marital Status
 Not married 1.75 (1.58 to 1.95) 

(0.01)
1.56 (1.46 to 1.68) 
(0.01)

1.57 (1.50 to 1.64) (0.01) 1.39 (1.31 to 1.48) 
(0.01)

1.60 (1.48 to 1.74) (0.01)
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the null for waves 1,2 and 3 and away from the null in 
waves 4 and 5 (Table 4).

By marital status, those who were not married had 
higher adjusted MRRs in all waves than did those who 
were married. Disparity by marital status narrowed 
from Wave 1 to Waves 3 and 4 (MRR in Wave 4 = 1.39, 
95% CI (1.31 to 1.48)) but increased again in Wave 5 
(MRR = 1.60, 95% CI (1.48 to 1.74)), with an increased 
risk for those who were not married (Fig. 1e).

According to education level, those with a graduate 
degree had a lower MRR than did those with other edu-
cation levels in most waves (2, 3 and 4), while those with 
a high school education or less (ref group) had the high-
est mortality rate in all waves (Fig. 1f ). The mortality rate 
gap between those with an education level of high school 
or less and those with a bachelor’s degree narrowed 
from Waves 2 (July 2020-November 2020) to 3 (Decem-
ber 2020-May 2021) and widened from Waves 3 to 4. In 

Fig. 1 Adjusted mortality rate ratios for a) male compared to female, b) each Age group compared to 18–29, c) Foreign-born compared to US-born, 
d) each race/ethnicity compared to White, e) not Married compared to married and f) each education level compared to those with education 
of high school graduate or less. Note: Wave 1: Mar 2020-Jun 2020, Wave 2: Jul 2020-Nov 2020, Wave 3/Epsilon & Alpha: Dec 2020-May 2021, Wave 4/
Delta: Jun 2021-Jan 2022, Wave 5/Omicron: Feb 2022-May 2022. Significant changes in disparity over wave for each characteristic based on the test 
of interaction at an alpha level of 0.05 were as follows: 1a) by sex: Wave 3 to 4 (decline in disparity); 1b) by age group: Wave 2 to 3-groups 50–59 
and 60–64 (increase); Wave 3 to 4-groups 50–59 and 60–64 (decline); 1c) by foreign-born status: Wave 1 to 2 and Wave 3 to 4 (decline); and Wave 
4 to 5 (increase); 1d) by race/ethnicity: Wave 2 to 3- Latino and Native Hawaiian (decline); Wave 3 to 4- African American, Latino, Asian and Native 
Hawaiian (decline); Wave 4 to 5- African American (decline); and 1e) by marital status: Wave 4 to 5 (disparity increase); and 1f ) by education level: 
Wave 2 to 3 and Wave 3 to 4- Bachelor’s degree (decline in disparity)
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Waves 4 and 5 (during the Delta and Omicron variants), 
the difference in mortality rate between individuals with 
lower education levels and those with professional and 
doctorate degrees increased further (Table  3, Fig.  1f ). 
Generally, changes in disparities by education level were 
modest across all waves. In sensitivity analysis combining 
graduate degrees, the education gradient was stronger in 
which those Bachelor’s, associate or college degree had 
consistently lower MRR than those with education level 
of HS or less while those with graduate degrees had even 
lower relative mortality rates throughout the pandemic. 
This gap was most pronounced during Delta variant 
(Table 5).

According to our sensitivity analysis excluding the 
restriction of work status, we found that the magnitudes 
and trends of the associations between each character-
istic and COVID-19 mortality were similar but were 
slightly attenuated (supplementary Table 1).

Discussion
According to our temporal analysis of workers who 
died of COVID-19 in California, male sex; being aged 
50–64 years; being Native Hawaiian or Latino or African 
American race/ethnicity; having an education level of 
high school or less; and not being married were associ-
ated with a higher COVID-19 mortality rate in all waves. 
While disparities by sex, race/ethnicity and foreign-born 
status narrowed in waves 4 and 5 (post widespread vac-
cine availability), with the largest decline occurring from 

Wave 3 to 4, there were minimal changes in disparities by 
age, education level and marital status across waves.

Sex disparities in COVID-19 incidence and mortal-
ity among men have been attributed to underlying social 
and contextual factors such as preexisting health status, 
health behaviors, occupation and social experience [3]. 
Once tested, men were more likely to be hospitalized and 
to suffer severe outcomes [37], possibly due to underlying 
health conditions such as cardiovascular disease, which 
are more common in men [38, 39]. One study found that 
despite similar proportions of males and females with 
confirmed COVID-19, male patients had more severe 
health outcomes, more hospitalizations and more deaths 
than female patients [40]. However, vaccination likely 
prevented adverse outcomes and may have narrowed 
the gap in COVID-19 mortality rates between men and 
women in later waves of the pandemic. Societal and cul-
tural differences in the implementation of mitigation 
measures over time may also play a role in the change 
in disparities by sex. Earlier in the pandemic, women 
reported taking more precautions than men, such as 
cancelling travel and large gatherings, stocking food and 
household supplies and staying home to reduce their 
exposure [41]. Women also left the workforce in greater 
numbers than men during the pandemic to care for chil-
dren or family members in need [42]. Differences in the 
implementation of preventive behaviors by sex as well as 
the associated impact of these measures on sex dispari-
ties may have decreased in the periods where restrictions 

Table 4 Probabilistic sensitivity analysis for misclassification of race/ethnicity in death certificates for the association between race/
ethnicity and COVID-19 mortality among working California population. Odds Ratio (OR) with 95% confidence limits

Estimates of MRR from bivariate analyses with Poisson regression produced the same results as the observed ORs

American Indian Wave 1 (Mar 2020-
Jun 2020)

Wave 2 (Jul 2020-
Nov 2020)

Wave 3/ epsilon & alpha 
variants (Dec 2020-May 2021)

Wave 4/Delta (Jun 
2021-Jan 2022)

Wave 5/omicron 
(Feb 2022-May 
2022)

Observed OR 2.4 (1.0 to 5.9) 2.7 (1.4 to 5.3) 3.5 (2.6 to 4.6) 3.9 (3.0 to 5.0) 3.0 (2.1 to 4.3)

Bias corrected OR 5.3 (3.2 to 20.4) 6.4 (3.6 to 94.7) 7.7 (4.6 to 22.1) 9.3 (5.2 to 42.6) 6.2 (3.9 to 13.4)

Asian, Native Hawaiian and Pacific Islander
 Observed OR 1.9 (1.5 to 2.3) 1.6 (1.4 to 1.9) 1.6 (1.4 to 1.7) 0.63 (0.56 to 0.7) 0.55 (0.47 to 0.64)

 Bias corrected OR 2.3 (2.1 to 2.5) 1.9 (1.8 to 2.1) 1.9 (1.7 to 2.0) 0.71 (0.67 to 0.76) 0.62 (0.58 to 0.66)

Table 5 Sensitivity analysis combining Masters, Doctorate, and Professional degrees for the association between education level and 
COVID-19 mortality among working California population. Adjusted Mortality Rate Ratio (MRR) with 95%CIs

Education (ref-HS) Wave 1 (Mar 2020-Jun 
2020)

Wave 2 (Jul 2020-Nov 
2020)

Wave 3/ epsilon & alpha 
variants (Dec 2020-May 
2021)

Wave 4/delta 
(Jun 2021-Jan 
2022)

Wave 5/omicron 
(Feb 2022-May 
2022)

Bachelors, associate, 
or College

0.43 (0.38 to 0.5) 0.41 (0.37 to 0.45) 0.53 (0.5 to 0.56) 0.43 (0.4 to 0.46) 0.46 (0.42 to 0.51)

Graduate Degree 0.23 (0.17 to 0.31) 0.21 (0.17 to 0.26) 0.19 (0.16 to 0.21) 0.14 (0.12 to 0.17) 0.17 (0.14 to 0.21)
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were lifted and vaccinations were available, providing 
protection for both male and female workers.

Racial disparities were apparent early in the pandemic 
and may be attributed to greater structural inequities, 
a greater prevalence of comorbidities and the impact of 
social determinants of health, such as overrepresentation 
of people of color in low-wage jobs [11, 14, 43]. Similar 
to our findings, other studies have shown that racial dis-
parities declined in later stages of the pandemic [44, 45], 
which could be due to increasing vaccine uptake among 
racial groups over time. One study showed that COVID-
19 vaccine hesitancy decreased by one-third from Janu-
ary to May 2021 (waves 3 to 4), with relatively large 
decreases in hesitancy among Black, Pacific Islander and 
Hispanic participants [45]. In our analysis, these racial 
groups had the highest MRRs compared to Whites in 
earlier waves; a substantial increase in vaccine uptake 
among these groups could explain the declining dispari-
ties by race/ethnicity we observed in later waves of the 
pandemic. The findings from the bias analysis for the 
AANHPI group support this decline in relative rates in 
post-vaccine availability waves. The bias-corrected esti-
mates for AI show that the disproportionate burden of 
COVID-19 deaths among AI relative to the white popu-
lation could be even higher in the absence of misclassi-
fication. Despite declines for other racial groups, Native 
Americans continued to be disproportionately affected 
by COVID-19 mortality in the post-vaccine availability 
waves.

Disparities by race/ethnicity and foreign-born status 
may be closely related, as a majority of the foreign-born 
workers (57.7%) were Latino [46]. This may therefore 
partly explain the similar pattern of narrowing in dispari-
ties by race/ethnicity and by foreign-born status. Previous 
studies also showed that immigrants were dispropor-
tionately affected by COVID-19, particularly earlier 
during the pandemic [47, 48]. One study found that the 
majority of US-born mortalities were among nonwork-
ing residents of long-term care facilities and occurred 
late in 2020, while foreign-born mortalities occurred 
outside of residential institutions and earlier during the 
pandemic [47]. Our results also showed that, compared 
to US-born workers, foreign-born workers were more 
than three times more likely to die from COVID-19 ear-
lier during the pandemic (in Wave 1) and 12% less likely 
to die in Wave 5. Immigrants were overrepresented in 
multiple sectors that were frontline and most affected 
by the pandemic [48, 49]. Less stable employment con-
ditions, limited teleworking possibilities and obstacles 
to health services, such as lack of accurate information 
and language barriers, were among the factors that con-
tributed to the disproportionate impact on foreign-born 
individuals at the beginning of the pandemic [48, 49]. 

Improvements in COVID-19 prevention and care later 
in the pandemic (including better information, increased 
testing, vaccinations and interventions) may have helped 
reduce disparities caused by immigration status, as the 
evidence for long-term disparities is mixed [48]. Data 
from Urban Institute’s Well-Being and Basic Needs Sur-
vey shows that immigrant families in CA had higher per-
ception of exposure to COVID-19, were more likely to 
report intent to get vaccinated and more likely to trust 
state or local public health officials than non-immigrant 
families [50]. This may have contributed to the lower 
mortality rates seen among immigrants in later waves.

Like previous studies, we found that older individuals 
(50 to 64 years) were more likely to die from COVID-19 
than younger individuals [2, 4], likely because a greater 
incidence of comorbidities and weakened immune sys-
tems contribute to more severe outcomes [4]. Compared 
to that in individuals aged 18–29 years, the high mortal-
ity rate in Wave 3 for those aged 50 to 64 years may be 
due to the overall increase in infection during this period. 
As infection rates rose from the end of 2020 through 
early 2021, the older population had higher mortality 
rates than younger individuals [2], therefore increasing 
the disparity between older and younger individuals. The 
large decline in the MRR for older individuals between 
Waves 3 (Epsilon & Alpha variants) and 4 (delta vari-
ant) may be due to the vaccinations introduced during 
this period. Since older individuals were prioritized for 
receiving COVID-19 vaccinations earlier than the general 
population [51], early protection would lower mortality 
rates among older worker populations and overall rela-
tive disparity compared to younger individuals.

Our findings showed that individuals with an educa-
tion level of high school or less had consistently greater 
COVID-19 mortality rates throughout the pandemic, 
similar to the findings of another study in which excess 
COVID-19 mortality decreased as educational level 
increased [5]. The high mortality rate among those with 
less education could be due to upstream socioeconomic 
factors that create few work opportunities and lead to 
lower income levels and precarious social status, all of 
which can in turn affect SARS-CoV-2 exposure, limit 
access to healthcare and increase the risk of comorbidi-
ties [5]. Persons working in low-wage jobs have less ability 
to telework, increasing the chance for workplace expo-
sure but fewer opportunities for paid sick leave [52]. The 
disparities by education may also be mediated by occu-
pation and industry, as education is a strong predictor 
of occupation and type of occupation is associated with 
COVID-19 mortality [12, 14]. A substantial proportion of 
frontline workers, such as those in Production, Transpor-
tation and Farming occupations, comprised less educated 
and disadvantaged minority workers [53] who suffered 
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excess COVID-19 mortality during the pandemic [14]. 
Disparities by education level slightly declined during 
the largest peak in mortality (Wave 3) and increased in 
the wide vaccination era (Wave 4). The disproportion-
ate mortality among less educated groups may have been 
influenced by vaccine hesitancy and access and lower 
vaccination levels perpetuated through later waves [54]. 
Disparities by education level and occupation have per-
sisted during the pandemic despite the availability of 
COVID-19 vaccines [5, 14], as shown by trends that dif-
fered from those observed for race/ethnicity, sex and 
foreign-born status, which showed continuous narrowing 
in later waves. Findings from sensitivity analysis combin-
ing graduate degrees also showed the continuation of this 
disparity in the post-vaccine availability waves. The gaps 
in COVID-19 mortality rate by education level were even 
more apparent and death rates substantially lowered with 
increasing educational attainment.

Throughout all waves, we found that individuals who 
were not married had higher mortality rates than those 
who were married. Previous studies have shown that 
being unmarried is associated with adverse COVID-19 
outcomes compared to being married [55, 56], which 
parallels the overall higher death rate for unmarried per-
sons, particularly men [57].

We documented socioeconomic inequalities in 
COVID-19 mortality, which, as shown by previous stud-
ies [58–61], mirrored, and possibly exacerbated pre-
existing differentials. The disproportionate COVID-19 
mortality among certain populations may reflect factors 
that increase exposure to COVID-19, such as overrepre-
sentation in low-wage jobs and the essential workforce; 
inadequate safety and mitigation policies in the work-
place; and differential vulnerability to severe outcomes 
resulting from underlying health conditions, comorbidi-
ties, and socioeconomic status. Prevention policies that 
address different levels of these gaps could help narrow 
disparities by worker characteristics. These trends in dis-
parities suggest that policies and interventions may have 
helped buffer against some of these disparities later in 
the pandemic but may not have been enough to elimi-
nate them and may therefore indicate remaining gaps. 
Further studies could be useful for evaluating the role of 
specific interventions in reducing disparities in COVID-
19 outcomes.

Limitations of this study include the potential pres-
ence of residual confounding, the potential for misclas-
sification and a lack of data on key factors that may have 
impacted the trends in worker disparities. First, the path 
from worker characteristics to SARS-CoV-2 exposure 
to COVID-19 mortality is complex and may be affected, 

mediated, modified or confounded by different biologi-
cal, individual, societal or environmental factors [62]. 
Therefore, residual confounding likely occurred even 
though we adjusted for covariates identified as confound-
ers. Second, there could be misclassification of demo-
graphic characteristics as well as outcomes, particularly 
earlier during the pandemic, when undiagnosed COVID-
19 fatalities may have been reported as non-COVID-19 
deaths [63]. Inequities in testing earlier during the 
pandemic may have contributed to differential diag-
noses among subgroups of the population [64], which 
may have led to underreporting of COVID-19 mortal-
ity and decreased accuracy among certain groups early 
in the pandemic. However, given that our data include 
all COVID-19 mortality among the worker population 
in California during the specified period, we expect the 
effect of differential underreporting on our estimates to 
be small. Additionally, use of two different data sources 
and inaccuracies in reporting in death certificates could 
induce misclassification bias. However, we do not expect 
these inaccuracies to be largely systematic except for 
reports on high school graduation [65], which would not 
affect our estimates based on our categorization of edu-
cational level. Therefore, like previous studies that used 
similar data sources to study disparities [5, 22], we expect 
other differences in reporting to have minimal effects on 
the patterns we observed. Finally, we did not include data 
on workers’ vaccination status, which may have had a 
substantial impact on the patterns of disparities observed 
later in the pandemic. Since we included all California 
workers and COVID-19 decedents eligible for inclusion, 
our study is generalizable to California and states with 
similar worker populations.

Conclusion
Our findings demonstrate disparities in COVID-19 mor-
tality according to worker characteristics in all waves of 
the pandemic. Workers aged 50–64  years, male, Native 
Hawaiian, Latino, African American, foreign-born, with 
a high school education or less and not married were dis-
proportionately affected by COVID-19 mortality. While 
disparities by sex, race/ethnicity and foreign-born status 
narrowed in later waves/post vaccine availability, particu-
larly during the Delta and Omicron variants, there were 
minimal changes in disparities by age, education level 
and marital status across waves. Disparities in COVID-19 
mortality are a reflection and amplification of preexisting 
health inequities [58, 61]. Tailoring interventions to high-
risk populations and addressing underlying social and 
structural issues are critical for achieving health equity.
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