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Abstract

Prior studies suggest that diabetes is associated with severe outcomes following
COVID-19. However, most research has focused on early phases of the COVID-19
pandemic, and less is known about changing diabetes-associated risks over time.
We constructed a retrospective cohort of U.S. Veterans with documented COVID-19
between March 2020 and August 2023 (N=426,170). We used Poisson regression
models to estimate relative risks of 60-day mortality following COVID-19 among Vet-
erans with and without diabetes, incorporating demographic and clinical covariates,
as well as weights to address unequal probabilities of selection into the sample. We
then incorporated interaction terms representing six-month time windows and plotted
predicted mortality risks over time. To contextualize risk estimates, we repeated the
analysis among a cohort of Veterans without documented COVID-19. Diabetes was
associated with overall higher risk of 60-day mortality following COVID-19 (RR=1.21,
95% Cl=1.17-1.26). Mortality risks attenuated over time and converged with risks
observed among Veterans without COVID-19 by March-August 2022. Results
suggest that post-COVID-19 mortality risks associated with diabetes may have
attenuated over time. Mechanisms underlying the attenuation of mortality risks were
beyond the scope of the paper, however, future studies can potentially shed light on
the contributions of population immunity (driven by previous infection or vaccination
status), changing treatment patterns, and other factors to time-varying mortality risks
following COVID-19 among individuals with diabetes.
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Introduction

Pre-existing type 2 diabetes has been shown to be associated with severe Corona-
virus Disease 2019 (COVID-19) outcomes, including mortality [1—6]. A recent global
umbrella meta-analysis estimated a pooled odds ratio of 1.87 (95% confidence
interval (Cl) = 1.61-2.17) for mortality following COVID-19 among individuals with
diabetes, compared to those without [5]. Factors underlying associations between
diabetes and mortality following COVID-19 are not fully established, but may include
the contribution of diabetes to chronic inflammation and immune system dysfunction,
as well as the presence of diabetes-associated comorbidities that may independently
or synergistically contribute to worsened COVID-19 outcomes [7,8].

Most prior studies on the relationship between diabetes and COVID-19 outcomes
focus on early waves of the pandemic (e.g., 2020 or 2021), and less is known about
how the relationship between diabetes and COVID-19 severity has changed over
time. Multiple factors may impact associations between risk factors (such as diabe-
tes) and COVID-19 outcomes over time, including differences in SARS-CoV-2 (the
pathogen that causes COVID-19) variants, the increasing prevalence of vaccination
and prior infections that may alter immune response, and changes in treatment
protocols [9,10]. In this retrospective cohort study, we leveraged over three years
of electronic health record (EHR) data from the Veterans Health Administration to
examine trends in mortality following documented COVID-19 among U.S. Veterans
with and without diabetes.

Methods
Study population

Our sample was comprised of a subset of individuals included in the Veterans
Administration Diabetes Risk (VADR) cohort [11]. Briefly, VADR is a dynamic cohort
including adults (18+) with at least two outpatient visits within the Veterans Affairs
(VA) health system more than 30 days apart between January 1, 2008 and January
1, 2019. Individuals were diabetes-free at cohort entry and were followed for subse-
quent diabetes incidence. For this analysis, we identified a sub-cohort of individuals
who had at least one encounter at the VA health system in the two years prior to the
start of the pandemic (March 1, 2020) and who had a VA-documented SARS-CoV-2
infection between March 1, 2020 and August 31, 2023. COVID-19 information was
derived from the VA's COVID-19 Shared Data Resource [12], which includes an
indicator variable representing whether an individual was “ever positive” for COVID-
19 based on documentation of a 1) positive VA PCR or antigen test or 2) evidence
of COVID-19 in clinical notes (identified using natural language processing (NLP)).
Each patient was assigned an index date based on their first positive PCR/antigen
test or the inpatient admission date closest to the first positive test in the 15 days
prior to the test. Individuals were excluded from the analytic sample if they had index
dates outside of the study period or if they had missing covariate information. A flow
chart showing sample exclusions at each stage is included in Supporting Fig 1. A
graph with monthly counts of first documented COVID-19 within the analytic sample
is included in S2 Fig.
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Fig 1. Average predicted probability of 60-day mortality following index date, by diabetes status and time (six-month windows). VADR cohort
individuals with VA-documented COVID-19 (“COVID-Positive”) between March 1, 2020 and August 31, 2023 and VADR cohort individuals with VA-
documented negative COVID-19 PCR test (“‘COVID-Negative”) between March 1, 2020 and August 31, 2023. Results generated from Poisson regres-
sion models that included interactions between diabetes status and time.

https://doi.org/10.1371/journal.pone.0333052.9001

Diabetes

Incident diabetes within the VADR cohort was defined as at least two encounters in the VA system with a type 2
diabetes-related International Classification of Disease (ICD)-9 or ICD-10 code, 2) documentation of a prescribed medi-
cation for diabetes (other than metformin or acarbose alone), or 3) at least one diabetes-related encounter along with two
elevated HbA1C test results (defined as greater than or equal to 6.5%) [11]. Individuals were considered to have diabetes
during the study period if they met the criteria for incident diabetes, ascertained through the beginning of the study period
(March 1, 2020).

Mortality

Death information was obtained from the VA COVID-19 Shared Data Resource. The outcome was defined as mortality
(any cause) within 60 days of the index date. Our primary analysis focused on a 60-day post-infection window to ascertain
mortality outcomes, in line with prior literature and with research suggesting that 60 days following a hospital admission
for COVID-19 represents the highest risk period for mortality, particularly for individuals with severe symptoms [13]. The
COVID-19 Shared Data Resource includes mortality information from three sources: the “SPatient” table within the VA's
Corporate Data Warehouse (CDW), the Master Veteran Index file, and the Vital Status Mini file. Information derived from
these three sources has been used in prior studies and has been shown to be highly accurate in identifying mortality
among U.S. Veterans [14-16].

Covariates

Covariates were chosen based on hypothesized confounding pathways between our exposure (diabetes) and outcome
(mortality following COVID-19) in a causal model. Regression models were adjusted for sex (male, female), race/eth-
nicity (non-Hispanic White, non-Hispanic Black, Hispanic, Non-Hispanic Asian, Non-Hispanic Native Hawaiian or Other
Pacific Islander, Non-Hispanic American Indian or Alaskan Native, Unknown), and two variables representing age at
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index date: age category (less than 45, 45-59, 60-74, 75 or older) and continuous age. Race and ethnicity variables
were constructed using self-reported information obtained from the CDW. We retained individuals with missing race and
ethnicity information (5.6%) in an “Unknown” category. We also adjusted for the presence of several comorbid conditions
at baseline (VADR cohort entry), including comorbidities that we hypothesized could be associated with incident diabetes
and mortality, as well as comorbidities associated with mortality that may share common risk factors with incident diabe-
tes. Comorbidities were measures using ICD-9 and ICD-10 diagnosis codes in inpatient and outpatient settings capturing
history of cardiovascular and cerebrovascular disease (heart failure, ischemic heart disease, peripheral vascular disease,
stroke), hypertension, chronic kidney disease, fatty liver disease, hepatitis C, depression or anxiety. We also adjusted for
history of hyperlipidemia, defined as having at least two ICD codes for hyperlipidemia, a prescription for a lipid lowering
medication, or total cholesterol greater than 240 mg/dL. All baseline variables were measured prior to diabetes incidence
to avoid adjusting for factors that might mediate associations between diabetes and COVID-19 mortality. Other baseline
covariates included smoking status (current smoker, former smoker, never smoker, unknown), body mass index (BMI),
and a variable representing whether the individual was considered low-income or disabled (or neither), based on VA
priority group [17]. The smoking status variable was derived from “Health Factor” data, based on a previously published
algorithm [18]. Demographic variables, BMI, and priority group information were derived from the “SPatient” table and
from tables capturing vital sign and enrollment information, available within the CDW.

Statistical analysis

We examined descriptive statistics for the cohort as a whole and stratified by diabetes status. We estimated bivariate

and adjusted Poisson regression models [19] to examine associations between diabetes and risk of mortality following
COVID-19, incorporating the aforementioned covariates, as well as a categorical variable representing index date month.
We then examined trends over time by including an interaction between diabetes and a categorical time variable rep-
resenting seven 6-month pandemic windows between March 2020 and August 2023. The goal of this analysis was to
examine whether associations between diabetes status and mortality following COVID-19 varied over time. We generated
predicted mortality risks from these models and plotted probabilities of mortality for each time window (based on index
date) for those with and without diabetes. To account for potential selection bias stemming from restricting to a study pop-
ulation with documentation of COVID-19 [20], all models included inverse probability of selection weights, incorporating
the following variables: age (at cohort entry), age squared, sex, race/ethnicity, smoking status, BMI, disability/low-income
status, and comorbidity history. Models to develop selection weights also included interactions between age and BMI, as
well as between age and total number of comorbidities at baseline, as age, BMI, and comorbidities were hypothesized

to be strong predictors of COVID-19 testing and mortality [20,21]. The propensity model to develop selection weights
was estimated using logistic regression and included all individuals in VADR as of March 2020 who met inclusion criteria
other than the criteria requiring documentation of COVID-19. Inclusion in the analytic sample was the dependent vari-
able. Weighted outcome models were estimated with robust standard errors. Descriptive statistics for the analytic sample
and for the overall VADR cohort are included in S1 Table. Differences between the two groups were relatively modest,
though the analytic sample had higher proportions of females, younger individuals, and disabled individuals, compared

to the VADR cohort. Veterans in the analytic sample were also more likely to be non-Hispanic Black and less likely to be
non-Hispanic White.

Because it is plausible that individuals with diabetes have higher baseline mortality risks compared to individuals with-
out diabetes, and that these baseline differences may drive associations observed in this study, we repeated our analysis
within a secondary (“COVID-negative”) cohort of individuals, also derived from the COVID-19 Shared Data Resource.
This cohort was comprised of Veterans with a documented negative SARS-CoV-2 PCR test and no evidence of COVID-
19 during the study period (N=885,973). Within this secondary cohort, we estimated associations between diabetes and
60-day mortality following an index date defined as each individual’s first negative PCR test (or hospitalization closest to
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the first negative PCR test within the 15 days prior to the test). We plotted predicted probabilities of mortality from this
secondary analysis alongside results from the primary analysis.

As a sensitivity analysis, we re-estimated our primary model without selection weights. We estimated models with
quarter-year time variables, rather than six-month time variables, and we plotted predicted probabilities from these
models to examine whether time trends were similar with more granular time windows. We estimated models using
an alternative outcome representing mortality within 30 days of the index date to examine whether we observed
similar associations during a more acute phase of illness. We also conducted a sensitivity analysis using multi-
ple imputation by chained equations to impute missing values for BMI, VA priority group, and smoking status [22].
Finally, because it is possible that differential time trends in mortality could be driven by more susceptible individuals
experiencing mortality earlier on in the pandemic, we examined the characteristics of individuals who died following
COVID-19 within each six-month time window, including mean number of baseline comorbidities, age, BMI, and dis-
ability/low-income status.

This study was reviewed and approved by the Subcommittee for Human Studies and the Research and Development
Committee at the Department of Veterans Affairs. Data were accessed in January 2024 for research purposes. Investiga-
tors for this study had access to identifiable information to complete the analyses. Because this study includes sensitive
health data and identifiable information, and data are not publicly available. Data can be accessed by VA employees or in
collaboration with VA researchers [23]. Information regarding data access is available from the VA Information Research
Center (VIReC) [24], and VIReC can be contacted via email at VIReC@va.gov. Analyses were conducted using Stata
Statistical Software, version 18. Code for this analysis is available from the authors by request.

Results

Descriptive statistics for the analytic sample are included in Table 1. The analytic cohort included 426,170 individuals,
including 104,074 individuals with diabetes. Veterans with diabetes were more likely to be older and had higher mean BMI
and comorbidity counts at VADR cohort entry. Bivariate and adjusted risk ratios (RRs) estimating associations between
diabetes and mortality following COVID-19 are included in Table 2. Diabetes was associated with a higher risk of mortality
following COVID-19 (adjusted RR=1.21, 95% Cl=1.17-1.25). Regression results for all covariates from adjusted models
are included in S2 Table.

Fig 1 includes predicted probabilities of post-COVID-19 60-day mortality over time for the primary and “COVID-
negative” cohorts, by diabetes status, generated from regression models including interactions between diabetes and
six-month time windows. Mortality risks within the primary cohort were considerably higher than in the COVID-negative
cohort early in the pandemic, though these risks converged by mid-2022. Between March and August 2020, the predicted
probability of mortality following COVID-19 was 9.6% among those with diabetes, compared to 8.2% among those without
diabetes (a risk difference of 1.4 percentage points). Corresponding probabilities were 3.4% and 3.0% between March
and August 2023 (a risk difference of 0.4 percentage points). Within the COVID-negative cohort, mortality risks ranged
from 2.5%-3.9% among individuals with diabetes and from 2.0%-3.6% among individuals without diabetes, and risk
differences ranged from 0.2 to 0.8 percentage points. While absolute risks and risk differences attenuated over the study
period in the primary cohort, risk ratios remained relatively constant.

RRs for models without selection weights were similar to the main analysis (S3 Table). RRs for models that incorpo-
rated imputation for missing data were also similar in direction and magnitude to the primary analysis (S4 Table). When
using 30-day mortality as the outcome, instead of 60-day mortality, the adjusted RR was 1.20 (95% Cl=1.15-1.25) (S5
Table). Models incorporating quarter-year time windows (instead of six-month time windows) showed similar trends to the
main analysis (S3 Fig). When examining the characteristics of those who experienced mortality following COVID-19, there
were no clear time trends with regard to mean number of baseline comorbidities, age, or BMI (S6 Table). Individuals who
died following COVID-19 in the first time window (March-August 2020) were more likely to be categorized as disabled
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Table 1. Descriptive statistics for the analytic sample, VADR cohort individuals with VA-documented COVID-19 between March 1, 2020-August
31, 2023.

All Diabetes® No Diabetes

N 426,170 104,074 322,096
Sex (%)

Male 87.8% 92.2% 86.3%

Female 12.3% 7.8% 13.7%
Age (%)

Less than 45 18.4% 5.4% 22.6%

45-59 25.7% 23.6% 26.4%

60-74 40.7% 53.3% 36.6%

75+ 15.2% 17.8% 14.4%
Mean age (SD) 60.3 (15.2) 65.2 (11.6) 58.7 (15.8)
Race/ethnicity (%)

Non-Hispanic White 62.6% 60.2% 63.4%

Non-Hispanic Black 20.8% 23.7% 19.9%

Hispanic 8.6% 8.3% 8.7%

Non-Hispanic Asian 1.0% 0.8% 1.0%

Non-Hispanic Native 0.7% 0.8% 0.7%

Hawaiian/Pacific Islander

Non-Hispanic American 0.7% 0.7% 0.7%

Indian/Alaskan Native

Unknown 5.6% 5.4% 5.6%
Disability/low-income status (%)°°

Disabled 44.2% 43.3% 44.6%

Low-income 35.2% 37.0% 34.7%

Neither 20.5% 19.7% 20.8%
Smoking status (%)°

Current smoker 26.2% 26.2% 26.2%

Former smoker 23.9% 26.9% 22.9%

Nonsmoker 33.5% 30.6% 34.5%

Unknown 16.4% 16.2% 16.4%
Mean number of comorbidities (SD)° 1.4 (1.3) 1.8 (1.4) 1.2(1.2)
Mean BMI (SD)® 29.9 (5.5) 32.2 (6.0) 29.2 (5.2)

a)An individual was considered to have diabetes if they met the criteria for incident diabetes outlined in the manuscript.
b)Categorized based on VA priority group: “disabled” (priority groups 1-4); “low income” (priority groups 5 and 7); “neither” (priority groups 6 and 8).
c)Ascertained at VADR cohort entry, prior to documentation of diabetes diagnosis.

https://doi.org/10.1371/journal.pone.0333052.t001

(based on priority group), compared to later time windows. Mean age among those experiencing mortality also varied
across the study period, with the lowest mean ages observed between March 2021 and February 2022.

Discussion

Diabetes is a well-established risk factor for severe COVID-19 outcomes. However, most prior studies have focused on a
relatively narrow time period early in the COVID-19 pandemic. In our analysis of over 400,000 U.S. Veterans with docu-
mented COVID-19 in the VA health care system between March 2020 and August 2023, diabetes was modestly associ-
ated with increased mortality. Our overall estimated risk ratio of 1.21, while smaller than some other published estimates
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Table 2. Risk ratios (and 95% Cls) representing association between diabetes and 60-day mortality
following COVID-19, VADR cohort individuals with VA-documented COVID-19 between March 1,
2020 and August 31, 2023 (N=426,170).

Bivariate RR (95% Cl) Adjusted RR (95% CI)?

Diabetes 1.41 (1.36-1.45) 1.21 (1.17-1.25)
(no diabetes ref.)

a)Model adjusts for age category, continuous age, race/ethnicity, sex, index month, and the following vari-
ables ascertained at VADR cohort entry: smoking status, BMI, disability/low-income status, and comorbidi-
ty history (ischemic heart disease, heart failure, peripheral vascular disease, hypertension, stroke, chronic
kidney disease, fatty liver disease, hepatitis C, hyperlipidemia, anxiety, and depression)

https://doi.org/10.1371/journal.pone.0333052.t002

[4—6], is in line with an estimated pooled mortality risk ratio associated with diabetes from U.S.-based studies of 1.15 (95%
Cl=1.09-1.21) [6].

Our study encompassed over three years of data, which allowed us to examine post-COVID-19 mortality risks over
time. Within our sample, risk ratios were relatively constant throughout the study period, though absolute mortality risks
decreased over time among individuals with and without diabetes, and these risks converged with risks observed in
our secondary, COVID-negative cohort in mid-2022. Mechanisms underlying the observed attenuation of mortality risks
following COVID-19 were beyond the scope of this study but may include changes in individual immunity (e.g., due to
vaccination or prior infection) [25], changes in clinical practices (including the introduction of pharmacotherapies) [10], or
differences in the potential for severe outcomes associated with different SARS-CoV-2 variants [9]. For example, prior
research within VA patient populations suggests that vaccine availability was associated with decreases in the proportion
of COVID-19 patients with hypoxemia [26]. Case severity among Veterans has also been shown to be correlated with
treatment, including receipt of antiviral medications [27]. Likewise, the characteristics and volume of individuals included in
our analytic cohort over time may have been impacted by changes in COVID-19 testing access. For example, the sub-
stantial increase in at-home COVID-19 testing, beginning towards the end of 2021 [28], likely impacted the probability of
healthcare-system based testing in later phases of the pandemic. Changes in the composition of patients included in the
sample over time may contribute to time-varying mortality trends.

As a secondary analysis, we explored the possibility that individuals who were more susceptible to severe COVID-19
outcomes were more likely to die earlier in the pandemic [29]. We did not see strong evidence that individuals who died at
earlier time points were different from those who died later in the study period based on observable characteristics, with
the exception of disability status. However, individuals may have varied with regard to other health factors not measured
in this analysis. It is important to note that our cohort represented individuals with relatively recent diabetes diagnoses
(after January 2008), and it is plausible that mortality risks observed in this study may be more modest compared to
studies of individuals with longer diabetes duration [30]. In addition, while we limited our analysis to examining mortality
following first documentation of COVID-19, it is possible that individuals had other, preceding infections that were not
captured within the VA EHR. The likelihood of misclassifying a “first” infection may have increased over time and may
partially explain attenuated mortality risks if undocumented prior infections conferred protection against severe outcomes
for individuals with index dates later in the study period [31].

Strengths of our analysis include the use of a “nested cohort” design with inverse probability weights to account for
uneven probabilities of selection into the sample from the VADR study [20]. We leveraged a large dataset and over three
years of data to examine time-varying associations. We adjusted for a range of baseline comorbidities captured in EHR data
and we contextualized estimates by comparing to a secondary cohort of individuals with negative SARS-CoV-2 PCR tests.

Limitations included the potential for residual selection bias if all common causes of selection into the sample and
the outcome were not included in the inverse probability weights or outcome regression models [20]. This residual
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selection bias could represent a “collider bias,” [20] however, even in the absence of collider bias, selection mech-
anisms can also lead to estimates that are biased with regard to the population of interest [32]. Our sample was
derived from the VADR cohort, which represents an “in-care” patient population, as VADR eligibility criteria required
at least two primary care visits to a VA facility within a five-year period. Restricting to an active VA patient population
may help avoid misclassification stemming from challenges in distinguishing healthy individuals from those seeking
health care outside the VA. However, this inclusion criteria may limit generalizability of results to the broader Vet-
eran population. For example, prior research using data from the National Health Interview Survey suggests that
Veterans who report seeking care at a VA facility in the past year have more health conditions and tend to have
lower incomes, compared to Veterans as a whole [33]. We were not able to adjust for health conditions that were not
captured or not measured in our data, and it is possible that our results were impacted by unmeasured confounding.
However, we would hypothesize that residual confounding from other, unmeasured comorbid conditions would likely
lead to an over-exaggeration of the association between diabetes and post-COVID-19 mortality, and we do not see
strong evidence of this in time-varying models, given the convergence of estimates between our COVID-positive
and COVID-negative cohorts. We included race and ethnicity as a covariate, however, race and ethnicity information
captured within the EHR may be inaccurate or incomplete, and broad groupings may obscure important subgroup
variation [34,35]. We could not ascertain if COVID-19 was the cause of mortality, as we did not have information on
cause of death. We did not examine potential mediating factors driving higher mortality among those with diabetes,
particularly early in the pandemic. Likewise, we did not examine whether time trends in post-COVID-19 mortality dif-
fered across subgroups of individuals with diabetes (e.g., stratified by glycemic control, diabetes duration, or medica-
tion use). This is an important avenue for future research.

Our secondary cohort of COVID-negative individuals was also likely not representative of the general VA population
and included a substantial proportion of individuals with other morbidities (approximately 20% of this cohort was hospital-
ized on or within 60 days of their index date). In addition, it is possible that those who were identified as “COVID-negative”
may have been misclassified and may have had undiagnosed or undocumented COVID-19. This misclassification may
have been particularly pronounced in early phases of the pandemic and may help explain elevated risks of mortality within
the COVID-negative cohort during the first time window (March-August 2020). Nevertheless, mortality risks derived from
this secondary cohort can provide an alternative baseline to contextualize relative and absolute mortality risk differences
associated with diabetes following COVID-19.

Within a cohort of U.S. Veterans, we found that diabetes was associated with an elevated mortality risk following
COVID-19, however mortality risks among individuals with and without diabetes converged with risks among individuals
without COVID-19 in later phases of the pandemic. Additional research can further elucidate mechanisms underlying
COVID-19-associated mortality among individuals with underlying comorbidities, and can shed light on how the evolving
landscape of SARS-CoV-2 variants, clinical practices, and individual and population-level immunity contribute to changing
mortality patterns in high-risk populations.

Supporting information

S1 Table. Descriptive statistics for the analytic sample compared all potentially eligible individuals in VADR
cohort.
(DOCX)

S2 Table. Beta coefficients (and 95% Cls) from primary regression model with 60-day mortality following COVID-
19 as the outcome, VADR cohort individuals with VA-documented COVID-19 between March 1, 2020 and August
31, 2023 (N=426,170).

(DOCX)

PLOS One | https://doi.org/10.137 1/journal.pone.0333052 October 8, 2025 8/11



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333052.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333052.s002

PLO\Sﬁ\\.- One

S3 Table. Risk ratios (and 95% Cls) representing association between diabetes history and 60-day mortality fol-
lowing COVID-19, VADR cohort individuals with VA-documented COVID-19 infection in VA between March 1, 2020
and August 31, 2023 (N=426,170). Estimates from models that do not include selection weights.

(DOCX)

S4 Table. Risk ratios (and 95% Cls) representing association between diabetes history and 60-day mortality fol-
lowing COVID-19, VADR cohort individuals with VA-documented COVID-19 infection in VA between March 1, 2020
and August 31, 2023 (N=446,314). Estimates from models using multiple imputation to address missing data.

(DOCX)

S5 Table. Risk ratios (and 95% Cls) representing association between diabetes history and 30-day mortality fol-
lowing COVID-19, VADR cohort individuals with VA-documented COVID-19 infection in VA between March 1, 2020
and August 31, 2023 (N=426,170).

(DOCX)

S6 Table. Disability status, and mean number of comorbidities, BMI, and age among those who died following
COVID-19 infection, by six-month pandemic windows.
(DOCX)

S1 Fig. Flow chart for primary analytic sample after applying exclusion criteria.
(DOCX)

S2 Fig. Monthly counts of first documented COVID-19, VADR cohort individuals with VA-documented COVID-19
between March 1, 2020 and August 31, 2023 (N=426,170).
(DOCX)

S3 Fig. Average marginal effects representing predicted probability of 60-day mortality following index
date, by diabetes status and time (three-month windows), VADR cohort individuals with VA-documented
COVID-19 (“COVID-Positive”) between March 1, 2020 and August 31, 2023 and VADR cohort individuals
with VA-documented negative COVID-19 PCR test (“COVID-Negative”) between March 1, 2020 and August
31, 2023. Results generated from Poisson regression models that included interactions between diabetes status
and time.

(DOCX)

Author contributions

Conceptualization: Andrea R. Titus, Samrachana Adhikari, Lorna E. Thorpe, Mark D. Schwartz.

Data curation: Andrea R. Titus, Rania Kanchi.

Formal analysis: Andrea R.Titus, Rania Kanchi.

Funding acquisition: Lorna E. Thorpe, Mark D. Schwartz.

Methodology: Andrea R. Titus, Samrachana Adhikari, Lorna E. Thorpe, David C. Lee, Aaron Baum, Mark D. Schwartz.
Project administration: Rania Kanchi, Lorna E. Thorpe.

Supervision: Lorna E. Thorpe, Mark D. Schwartz.

Writing — original draft: Andrea R. Titus.

Writing — review & editing: Andrea R. Titus, Rania Kanchi, Samrachana Adhikari, Lorna E. Thorpe, David C. Lee, Aaron
Baum, Mark D. Schwartz.

PLOS One | https://doi.org/10.1371/journal.pone.0333052 October 8, 2025 9/11



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333052.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333052.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333052.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333052.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333052.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333052.s008
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333052.s009

PLO\S\% One

References
1. Singh AK, Khunti K. COVID-19 and Diabetes. Annu Rev Med. 2022;73:129—47. https://doi.org/10.1146/annurev-med-042220-011857 PMID:
34379444
2. Nassar M, Daoud A, Nso N, Medina L, Ghernautan V, Bhangoo H, et al. Diabetes Mellitus and COVID-19: Review Article. Diabetes Metab Syndr.
2021;15(6):102268. https://doi.org/10.1016/j.dsx.2021.102268 PMID: 34562865
3. Dessie ZG, Zewotir T. Mortality-related risk factors of COVID-19: a systematic review and meta-analysis of 42 studies and 423,117 patients. BMC
Infect Dis. 2021;21(1):855. https://doi.org/10.1186/s12879-021-06536-3 PMID: 34418980
4. Kumar A, Arora A, Sharma P, Anikhindi SA, Bansal N, Singla V, et al. Is diabetes mellitus associated with mortality and severity of COVID-197 A
meta-analysis. Diabetes Metab Syndr. 2020;14(4):535-45. https://doi.org/10.1016/j.dsx.2020.04.044 PMID: 32408118
5. Kastora S, Patel M, Carter B, Delibegovic M, Myint PK. Impact of diabetes on COVID-19 mortality and hospital outcomes from a global perspec-
tive: An umbrella systematic review and meta-analysis. Endocrinol Diabetes Metab. 2022;5(3):e00338. https://doi.org/10.1002/edm2.338 PMID:
35441801
6. LiC, Islam N, Gutierrez JP, Gutiérrez-Barreto SE, Castafieda Prado A, Moolenaar RL, et al. Associations of diabetes, hypertension and obesity
with COVID-19 mortality: a systematic review and meta-analysis. BMJ Glob Health. 2023;8(12):e012581. https://doi.org/10.1136/bmjgh-2023-
012581 PMID: 38097276
7. Zhou, ChiJ, Lv W, Wang Y. Obesity and diabetes as high-risk factors for severe coronavirus disease 2019 (Covid-19). Diabetes Metab Res Rev.
2021;37(2):e3377. https://doi.org/10.1002/dmrr.3377 PMID: 32588943
8. Apicella M, Campopiano MC, Mantuano M, Mazoni L, Coppelli A, Del Prato S. COVID-19 in people with diabetes: understanding the reasons for
worse outcomes. The Lancet Diabetes & Endocrinology. 2020;8(9):782-92. https://doi.org/10.1016/s2213-8587(20)30238-2
9. Tabatabai M, Juarez PD, Matthews-Juarez P, Wilus DM, Ramesh A, Alcendor DJ, et al. An Analysis of COVID-19 Mortality During the Dominancy of
Alpha, Delta, and Omicron in the USA. J Prim Care Community Health. 2023;14:21501319231170164. https://doi.org/10.1177/21501319231170164
PMID: 37083205
10. Najjar-Debbiny R, Gronich N, Weber G, Khoury J, Amar M, Stein N, et al. Effectiveness of Paxlovid in Reducing Severe Coronavirus Disease 2019
and Mortality in High-Risk Patients. Clin Infect Dis. 2023;76(3):e342-9. https://doi.org/10.1093/cid/ciac443 PMID: 35653428
11.  Avramovic S, Alemi F, Kanchi R, Lopez PM, Hayes RB, Thorpe LE, et al. US veterans administration diabetes risk (VADR) national cohort: cohort
profile. BMJ Open. 2020;10(12):e039489. https://doi.org/10.1136/bmjopen-2020-039489 PMID: 33277282
12. Introduction to the VA COVID-19 Shared Data Resource and its Use for Research. 6 Nov 2023 [cited 16 Apr 2024]. Available: https://www.hsrd.
research.va.gov/for_researchers/cyber_seminars/archives/video_archive.cfm?SessionID=3810
13. Murthy SC, Gordon SM, Lowry AM, Blackstone EH. Evolution of serious and life-threatening COVID-19 pneumonia as the SARS-CoV-2 pandemic
progressed: an observational study of mortality to 60 days after admission to a 15-hospital US health system. BMJ Open. 2024;14(7):e075028.
https://doi.org/10.1136/bmjopen-2023-075028 PMID: 38977360
14. Orkaby AR, Huan T, Intrator O, Cai S, Schwartz AW, Wieland D, et al. Comparison of Claims-Based Frailty Indices in U.S. Veterans 65 and Older
for Prediction of Long-Term Institutionalization and Mortality. J Gerontol A Biol Sci Med Sci. 2023;78(11):2136—44. https://doi.org/10.1093/gerona/
glad157 PMID: 37395654
15. FeymanY, Avila CJ, Auty S, Mulugeta M, Strombotne K, Legler A, et al. Racial and ethnic disparities in excess mortality among U.S. veterans
during the COVID-19 pandemic. Health Serv Res. 2023;58(3):642-53. https://doi.org/10.1111/1475-6773.14112 PMID: 36478574
16. Tenso K, Strombotne KL, Feyman Y, Auty SG, Legler A, Griffith KN. Excess Mortality at Veterans Health Administration Facilities During the
COVID-19 Pandemic. Medical Care. 2023;61(7):456—61. https://doi.org/10.1097/mIr.0000000000001866
17. Washington DL, Farmer MM, Mor SS, Canning M, Yano EM. Assessment of the healthcare needs and barriers to VA use experienced by
women veterans: findings from the national survey of women Veterans. Med Care. 2015;53(4 Suppl 1):S23-31. https://doi.org/10.1097/
MLR.0000000000000312 PMID: 25767972
18. McGinnis KA, Brandt CA, Skanderson M, Justice AC, Shahrir S, Butt AA, et al. Validating Smoking Data From the Veteran’s Affairs Health Factors
Dataset, an Electronic Data Source. Nicotine & Tobacco Research. 2011;13(12):1233-9. https://doi.org/10.1093/ntr/ntr206
19. Chen W, Qian L, Shi J, Franklin M. Comparing performance between log-binomial and robust Poisson regression models for estimating risk ratios
under model misspecification. BMC Med Res Methodol. 2018;18(1):63. https://doi.org/10.1186/s12874-018-0519-5 PMID: 29929477
20. Griffith GJ, Morris TT, Tudball MJ, Herbert A, Mancano G, Pike L, et al. Collider bias undermines our understanding of COVID-19 disease risk and
severity. Nat Commun. 2020;11(1):5749. https://doi.org/10.1038/s41467-020-19478-2 PMID: 33184277
21. LiuH, Chen S, Liu M, Nie H, Lu H. Comorbid Chronic Diseases are Strongly Correlated with Disease Severity among COVID-19 Patients: A Sys-
tematic Review and Meta-Analysis. Aging Dis. 2020;11(3):668-78. https://doi.org/10.14336/AD.2020.0502 PMID: 32489711
22. Azur MJ, Stuart EA, Frangakis C, Leaf PJ. Multiple imputation by chained equations: what is it and how does it work? Int J Methods Psychiatr Res.
2011;20(1):40-9. https://doi.org/10.1002/mpr.329 PMID: 21499542
23. VAInformation Resource Center (VIREC). VA Data for Non-VA Researchers. Available: www.virec.research.va.gov
24. VIReC Home. [cited 26 Mar 2025]. Available: https://www.virec.research.va.gov/

PLOS One | https://doi.org/10.1371/journal.pone.0333052 October 8, 2025 10/ 11



https://doi.org/10.1146/annurev-med-042220-011857
http://www.ncbi.nlm.nih.gov/pubmed/34379444
https://doi.org/10.1016/j.dsx.2021.102268
http://www.ncbi.nlm.nih.gov/pubmed/34562865
https://doi.org/10.1186/s12879-021-06536-3
http://www.ncbi.nlm.nih.gov/pubmed/34418980
https://doi.org/10.1016/j.dsx.2020.04.044
http://www.ncbi.nlm.nih.gov/pubmed/32408118
https://doi.org/10.1002/edm2.338
http://www.ncbi.nlm.nih.gov/pubmed/35441801
https://doi.org/10.1136/bmjgh-2023-012581
https://doi.org/10.1136/bmjgh-2023-012581
http://www.ncbi.nlm.nih.gov/pubmed/38097276
https://doi.org/10.1002/dmrr.3377
http://www.ncbi.nlm.nih.gov/pubmed/32588943
https://doi.org/10.1016/s2213-8587(20)30238-2
https://doi.org/10.1177/21501319231170164
http://www.ncbi.nlm.nih.gov/pubmed/37083205
https://doi.org/10.1093/cid/ciac443
http://www.ncbi.nlm.nih.gov/pubmed/35653428
https://doi.org/10.1136/bmjopen-2020-039489
http://www.ncbi.nlm.nih.gov/pubmed/33277282
https://www.hsrd.research.va.gov/for_researchers/cyber_seminars/archives/video_archive.cfm?SessionID=3810
https://www.hsrd.research.va.gov/for_researchers/cyber_seminars/archives/video_archive.cfm?SessionID=3810
https://doi.org/10.1136/bmjopen-2023-075028
http://www.ncbi.nlm.nih.gov/pubmed/38977360
https://doi.org/10.1093/gerona/glad157
https://doi.org/10.1093/gerona/glad157
http://www.ncbi.nlm.nih.gov/pubmed/37395654
https://doi.org/10.1111/1475-6773.14112
http://www.ncbi.nlm.nih.gov/pubmed/36478574
https://doi.org/10.1097/mlr.0000000000001866
https://doi.org/10.1097/MLR.0000000000000312
https://doi.org/10.1097/MLR.0000000000000312
http://www.ncbi.nlm.nih.gov/pubmed/25767972
https://doi.org/10.1093/ntr/ntr206
https://doi.org/10.1186/s12874-018-0519-5
http://www.ncbi.nlm.nih.gov/pubmed/29929477
https://doi.org/10.1038/s41467-020-19478-2
http://www.ncbi.nlm.nih.gov/pubmed/33184277
https://doi.org/10.14336/AD.2020.0502
http://www.ncbi.nlm.nih.gov/pubmed/32489711
https://doi.org/10.1002/mpr.329
http://www.ncbi.nlm.nih.gov/pubmed/21499542
www.virec.research.va.gov
https://www.virec.research.va.gov/

PLO\S\% One

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Teijaro JR, Farber DL. COVID-19 vaccines: modes of immune activation and future challenges. Nat Rev Immunol. 2021;21(4):195-7. https://doi.
0rg/10.1038/s41577-021-00526-x PMID: 33674759

Fillmore NR, La J, Zheng C, Doron S, Do NV, Monach PA, et al. The COVID-19 hospitalization metric in the pre- and postvaccination eras as
a measure of pandemic severity: A retrospective, nationwide cohort study. Infect Control Hosp Epidemiol. 2022;43(12):1767—72. https://doi.
org/10.1017/ice.2022.13 PMID: 35012694

Gentry CA, Nguyen P, Thind SK, Kurdgelashvili G, Williams RJ. Characteristics and outcomes of US Veterans at least 65 years of age at
high risk of severe SARS-CoV-2 infection with or without receipt of oral antiviral agents. J Infect. 2023;86(3):248-55. https://doi.org/10.1016/j.
jinf.2023.01.018 PMID: 36702309

Rader B, Gertz A, luliano AD, Gilmer M, Wronski L, Astley CM, et al. Use of At-Home COVID-19 Tests — United States, August 23, 2021-March
12, 2022. MMWR Morb Mortal Wkly Rep. 2022;71(13):489-94. https://doi.org/10.15585/mmwr.mm7113e1

Bjork J, Nilsson A, Bonander C, Stromberg U. A novel framework for classification of selection processes in epidemiological research. BMC Med
Res Methodol. 2020;20(1). https://doi.org/10.1186/s12874-020-01015-w

McGurnaghan SJ, Weir A, Bishop J, Kennedy S, Blackbourn LAK, McAllister DA, et al. Risks of and risk factors for COVID-19 disease in people
with diabetes: a cohort study of the total population of Scotland. Lancet Diabetes Endocrinol. 2021;9(2):82—-93. https://doi.org/10.1016/S2213-
8587(20)30405-8 PMID: 33357491

Deng J, Ma Y, Liu Q, Du M, Liu M, Liu J. Severity and Outcomes of SARS-CoV-2 Reinfection Compared with Primary Infection: A Systematic
Review and Meta-Analysis. IJERPH. 2023;20(4):3335. https://doi.org/10.3390/ijerph20043335

Lu H, Cole SR, Howe CJ, Westreich D. Toward a Clearer Definition of Selection Bias When Estimating Causal Effects. Epidemiology.
2022;33(5):699-706. https://doi.org/10.1097/EDE.0000000000001516 PMID: 35700187

Fink DS, Stohl M, Mannes ZL, Shmulewitz D, Wall M, Gutkind S, et al. Comparing mental and physical health of U.S. veterans by VA health-
care use: implications for generalizability of research in the VA electronic health records. BMC Health Serv Res. 2022;22(1):1500. https://doi.
org/10.1186/s12913-022-08899-y PMID: 36494829

Yi SS, Kwon SC, Suss R, Boan LN, John |, Islam NS, et al. The Mutually Reinforcing Cycle Of Poor Data Quality And Racialized Stereotypes That
Shapes Asian American Health. Health Aff (Millwood). 2022;41(2):296—303. https://doi.org/10.1377/hlthaff.2021.01417 PMID: 35130076

Polubriaginof FCG, Ryan P, Salmasian H, Shapiro AW, Perotte A, Safford MM, et al. Challenges with quality of race and ethnicity data in observa-
tional databases. J Am Med Inform Assoc. 2019;26(8-9):730-6. https://doi.org/10.1093/jamia/ocz113 PMID: 31365089

PLOS One | https://doi.org/10.1371/journal.pone.0333052 October 8, 2025 11/11



https://doi.org/10.1038/s41577-021-00526-x
https://doi.org/10.1038/s41577-021-00526-x
http://www.ncbi.nlm.nih.gov/pubmed/33674759
https://doi.org/10.1017/ice.2022.13
https://doi.org/10.1017/ice.2022.13
http://www.ncbi.nlm.nih.gov/pubmed/35012694
https://doi.org/10.1016/j.jinf.2023.01.018
https://doi.org/10.1016/j.jinf.2023.01.018
http://www.ncbi.nlm.nih.gov/pubmed/36702309
https://doi.org/10.15585/mmwr.mm7113e1
https://doi.org/10.1186/s12874-020-01015-w
https://doi.org/10.1016/S2213-8587(20)30405-8
https://doi.org/10.1016/S2213-8587(20)30405-8
http://www.ncbi.nlm.nih.gov/pubmed/33357491
https://doi.org/10.3390/ijerph20043335
https://doi.org/10.1097/EDE.0000000000001516
http://www.ncbi.nlm.nih.gov/pubmed/35700187
https://doi.org/10.1186/s12913-022-08899-y
https://doi.org/10.1186/s12913-022-08899-y
http://www.ncbi.nlm.nih.gov/pubmed/36494829
https://doi.org/10.1377/hlthaff.2021.01417
http://www.ncbi.nlm.nih.gov/pubmed/35130076
https://doi.org/10.1093/jamia/ocz113
http://www.ncbi.nlm.nih.gov/pubmed/31365089

