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ABSTRACT

Background: The coexistence of atrial fibrillation (AF) and renal disease is a significant contributor to
mortality and morbidity. However, comprehensive national mortality trends for AF among older adults
with renal disease, including demographic and geographic variations, remain largely unexamined.
Methods: We performed a retrospective analysis of U.S. adult deaths (=65 years) from 1999 to 2023
using the CDC WONDER Multiple Cause of Death database. Deaths were included when AF and
kidney disease appeared in any mention field of the death certificate, regardless of the underlying
cause of death. We calculated crude and age-adjusted mortality rates (CMR, AAMR) per 100,000
population, and temporal trends were assessed using Joinpoint regression to estimate annual percent
change (APC) and average annual percent change (AAPC).

Results: A total of 372,652 deaths were attributed to both AF and renal disease in older adults. The
national AAMR increased more than threefold, from 16.67 in 1999 to 54.45 per 100,000 in 2023
(AAPC: 5.10; p < 0.001). Men had higher absolute mortality, but women experienced a slightly
steeper increase in AAMR. Non-Hispanic White individuals had the highest absolute mortality,
while all racial/ethnic groups showed significant increases. The South reported the most deaths, the
Northeast had the highest AAMR, and non-metropolitan areas consistently showed higher AAMR than
metropolitan areas. Most deaths occurred in medical facilities (54.55

Conclusions: Mortality from AF and renal disease has substantially risen over the past 25 years, with
marked disparities by sex, race/ethnicity, geography, and urbanization.

1. Introduction

AKI has increased from 80 to 242 cases per 1,000 patient years
between 2007 and 2022 [3]. AKI alone represents a growing

Renal disease and atrial fibrillation (AF) significantly contribute
to a major health burden, as their coexistence is one of the most
significant causes of mortality and morbidity [1, 2]. Renal disease,
which includes acute kidney injury (AKI), chronic kidney disease
(CKD), renal insufficiency, and other unspecified renal disorders,
poses a substantial health strain. The incidence of newly diagnosed
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clinical challenge, and CKD affects over 35.5 million U.S. adults
(= 14% of the adult population) as of 2023 [4]. Meanwhile, in 2021,
AF was recorded on 232,030 death certificates and was the primary
cause of death in 28,037 cases [5]. Therefore, AF and renal diseases
have a high prevalence, especially in older adults [1].

Renal disease and AF have a bidirectional relationship. Patients
with renal diseases are susceptible to developing AF due to fluid
retention [6]. Also, these patients are further predisposed to AF
by structural heart alterations, such as left atrial enlargement and
fibrosis, and by electrolyte imbalances, such as elevated potassium
or calcium levels, which can interfere with normal myocardial con-
duction and cause arrhythmias [7]. These are proposed mechanisms
rather than mechanisms proven by mortality data. Because our
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analysis is based on death certificate data, the biological pathway
linking renal disease and AF cannot be directly adjudicated. How-
ever, the onset of AF in patients with renal disease deteriorates renal
outcomes through progressive organ damage, renal hypoperfusion,
and thromboembolic events. This vicious cycle, in which each
illness makes the others worse, results in a faster rate of clinical
deterioration and an earlier death.

There are disparities in renal disease burden and AF-related mor-
tality among U.S. racial/ethnic groups and by geography. For ex-
ample, non-Hispanic (NH) Black adults bear a higher CKD burden
relative to NH White adults [8, 9]. Because our study examines
mortality mentions in the national death certificate database, rather
than diagnosis or disease-detection rates, we focus on disparities in
mortality rather than differential AF detection.

Long-term national trends in both AF and renal disease-related
mortality among adults remain inadequately described. Most avail-
able evidence is limited to hospital-based cohorts or selected popu-
lations, and it lacks a comprehensive examination of demographic,
geographic, and temporal variations across the United States. Our
study aims to close this gap by using the Centers for Disease Con-
trol and Prevention (CDC) Wide-ranging Online Data for Epidemi-
ologic Research (WONDER) Multiple Cause-of-Death database to
assess trends in AF and renal disease mortality among patients 65
or older in the United States between 1999 and 2023.

2. Methods

2.1. Study Design and Population

We conducted a retrospective analysis using death-certificate data
from the CDC WONDER Multiple Cause of Death database for
U.S. adults aged > 65 years from 1999 to 2023. Deaths were
included when AF (ICD-10 148) and renal disease (ICD-10 N17,
N18, N19, N28.9) appeared in any-mention (multiple-cause) fields
of the death certificate, regardless of the underlying cause of death.
These ICD-10 codes have been previously used to identify AF and
renal disease in administrative databases [10, 11]. The primary
kidney-disease definition included N17, N18, N19, and N28.9 to
capture acute and chronic renal conditions, as well as unspecified
renal disorders, commonly recorded on death certificates. Older
adults were defined as individuals aged 65 years or older at the time
of death, consistent with prior studies [12]. Similar investigations
using the Multiple Cause-of-Death public-use files have been pub-
lished previously [10, 13]. Institutional review board approval was
not required for this study, as it used de-identified public-use data
provided by the government and adhered to the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
guidelines for reporting [14].

2.2. Data Abstraction

Data on population size and demographics, including sex, age, race,
region, and state, were extracted. Place of Death was categorized
into medical facilities, hospice, home, and nursing home/long-term
care facilities. Racial and ethnic categories were classified as NH
White, NH Black or African American, Hispanic or Latino, NH
American Indian or Alaskan Native, and NH Asian or Pacific
Islander. The National Center for Health Statistics Urban-Rural
Classification Scheme was used to classify the population by urban
(population > 50,000) and rural (population < 50,000) counties,
per the 2013 U.S. Census classification. [15] Regions were strati-
fied into Northeast, Midwest, South, and West according to the U.S.
Census Bureau definitions [16].

2.3. Data Quality and Completeness

Preliminary data exploration revealed substantial suppression of
mortality counts in certain demographic strata, driven by small cell
sizes (<10 deaths), potentially contributing to instability in rate
estimates for these subgroups. CDC WONDER applies suppres-
sion to protect confidentiality; therefore, suppressed values were
excluded from subgroup-specific analyses and included only in
aggregated analyses where suppression was automatically resolved,
and no imputation was performed. To maintain consistency across
the study period, we used NCHS bridged-race population esti-
mates for both mortality numerators and denominators, with age-
adjusted mortality rates calculated using census-based and post-
censal estimates standardized to the 2000 U.S. standard population.
Deaths with unknown or missing demographic characteristics were
included in overall analyses but excluded from subgroup-specific
estimates (e.g., race- and sex-stratified analyses), following CDC
WONDER reporting conventions.

2.4. Statistical Analysis

Crude and age-adjusted mortality rates (CMRs and AAMRs) with
95% CIs per 100,000 U.S. residents aged 65 years and older
were extracted by year, sex, race/ethnicity, and state from 1999
to 2023, and urban-rural status was calculated for 1999-2020. The
2000 U.S. standard population was used to maintain consistency
with CDC WONDER default settings and facilitate comparison
with other published mortality studies [17]. Urban—rural analyses
were limited to 1999-2020; 2021-2023 urban—rural rates were not
available. CMR was determined by dividing the number of AF and
renal disease patients by the corresponding U.S. population of that
year. To quantify national annual trends in AF and renal disease-
related mortality, the Joinpoint Regression Program (Joinpoint
V 5.4.0, National Cancer Institute) was used to determine the
annual percent change (APC) with 95% CI in AAMR. This method
allows identification of significant changes in AAMR over time
by fitting log-linear regression models where temporal variation
occurred. Statistical significance was assessed using Monte Carlo
permutation tests. The Average Annual Percent Change (AAPC)
was calculated to summarize the overall trend across the entire
study period. Results are presented with 95% CI, with p < 0.05
deemed statistically significant.

3. Results

3.1. Overall Mortality Trends

Throughout the study period, from 1999 to 2023, a total of 372,652
deaths occurred in which both AF and renal disease were co-
mentioned on the death certificate. Place-of-death data were avail-
able for 372,646 cases. The majority of deaths occurred in medi-
cal facilities (54.55%), followed by nursing homes/long-term care
facilities (20.30%), decedent’s residence (17.09%), and hospice
settings (4.93%). A small proportion (0.14%) of deaths occurred
in unspecified locations, while the remaining (2.99%) occurred in
other locations (Supplemental Tables 1, 2).

The AAMR showed a significant increase overall, from 16.67 (95%
CI: 16.23-17.10) in 1999 to 54.45 (95% CI: 53.82-55.08) in 2023,
with an AAPC of 5.10 (95% CI: 4.51 to 6.30; p < 0.001). From
1999-2012, AAMR exhibited a significant increases, from 16.67
to 44.07 (APC: 5.88; 95% CI: 4.49 to 10.32; p = 0.002), which
was followed by a subsequent non-significant decline to 32.1 in
2015 (APC: -8.43; 95% CI: -13.17 to 1.80; p = 0.13), and then
a significant increase to 54.45 in 2023 (APC: 9.35; 95% CI: 7.01 to
16.08; p = 0.002) (Supplemental Tables 3, 4) and (Figure 1).
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Figure 1: Overall and Sex-Stratified Atrial Fibrillation and Renal Disease-Related AAMRs per 100,000 in Adults in the United States, 1999-2023.
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Figure 2: Atrial Fibrillation and Renal Disease-Related AAMRSs per 100,000 Stratified by Race in Adults in the United States 1999-2023.

3.2. Gender Trends

Overall, men (deaths: 188,630, AAMR: 43.21) showed higher
mortality rates than women (deaths: 184,022, AAMR: 26.85).
However, women exhibited a greater AAPC of 5.04 (95% CI: 4.49
to 6.15; p < 0.001) than men, with an AAPC of 4.88 (95% CI:
4.22 t0 6.19; p < 0.001). In 1999, the AAMR for men was 23.01
(95% CT: 22.14-23.88) compared to 13.16 (95% CI: 12.69-13.64)
in women. These values increased to 68.92 (95% CI: 67.80-70.04)
and 44.24 (95% CI: 43.50-44.99) by the year 2023.

AAMR for women showed a marked increase, from 13.16 in 1999
to 36.0 in 2012 (APC: 6.10; 95% CI: 4.75 to 9.66; p = 0.004),
followed by a non-significant decline to 26.1 in 2015 (APC: -9.25;
95% CI: -13.94 to 0.96; p = 0.08), and then a significant increase
to 44.24 in 2023 (APC: 9.17; 95% CI: 6.83 to 15.38; p = 0.001).
In men, AAMR saw a sharp yet significant increase from 23.01
in 1999 to 56.9 in 2012 (APC: 5.33; 95% CI: 3.75 to 12.93; p
= 0.003), followed by a steady yet non-significant drop to 41.22
in 2015 (APC: -7.93; 95% CI: -12.95 to 2.24; p = 0.18), and a
significant surge to 68.92 in 2023 (APC: 9.35; 95% CI: 6.88 to
15.88; p = 0.007) (Supplemental Tables 1-4) and (Figure 1).

3.3. Racial Trends

NH White individuals accounted for the highest number of deaths
(319,700), followed by NH Black/African American individu-
als (27,666), Hispanic/Latino (15,744), and NH Asian/Pacific
Islander (8,134). Consequently, NH White individuals demon-
strated the greatest overall AAMR of 35.30, followed by NH
Black/African American individuals (29.72), Hispanic/Latino indi-
viduals (19.83), and NH Asian/Pacific Islander individuals (19.49).

All races observed a significant increase in AAMR between 1999
and 2023; 17.12 to 59.63 (AAPC: 5.35; 95% CIL: 4.77 to 6.57;
p < 0.001) among NH White individuals, 15.71 to 49.1 (AAPC:
4.93; 95% CI: 4.30 to 6.09; p < 0.001) among NH Black/African
American individuals, 10.05 to 30.53 (AAPC: 4.63; 95% CI: 3.76
to 6.21; p < 0.001) among Hispanic/Latino individuals, and 14.31
t027.18 (AAPC: 3.63;95% CI: 2.88 to 5.16; p < 0.001) among NH
Asian/Pacific Islander individuals.

In brief, NH Asian/Pacific Islander individuals experienced a sig-
nificant increase in AAMR from 14.31 in 1999 to 29.24 in 2012
(APC: 5.14; 95% CI: 3.28 to 9.76; p = 0.004), followed by a
significant reduction to 15.72in 2015 (APC: -14.86; 95% CI: -20.24
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Figure 3: Atrial Fibrillation and Renal Disease-Related AAMRs per 100,000 Stratified by Census Region in Adults in the United States 1999-2023.

to -2.88; p = 0.008), and a sharp upward trend to 27.18 in 2023
(APC: 8.98; 95% CI: 6.29 to 14.29; p = 0.001). NH Black/African
American individuals demonstrated a significant surge in AAMR
throughout the study period, initially from 15.71 in 1999 to 40.61
in 2012 (APC: 5.56; 95% CI: 4.05 to 9.34; p < 0.001), followed
by a significant decline, reaching 25.92 in 2015 (APC: -11.35;95%
CI: -16.46 to -0.14; p = 0.04), and a sharp yet significant rise to
49.10 in 2023 (APC: 10.68; 95% CI: 8.14 to 15.59; p = 0.004).

Hispanic/Latino individuals saw an initial significant incline in
AAMR from 10.05 in 1999 to 29.28 in 2012 (APC: 6.52; 95% CI:
3.56t0 11.23; p=0.02), followed by a non-significant drop to 17.58
in 2015 (APC: -13.30; 95% CI: -19.42 to 8.41; p = 0.07), a non-
significant increase to 37.8 (APC: 14.64; 95% CI: -6.31 to 28.73;
p = 0.06), and a non-significant decline to 30.53 in 2023 (APC:
-6.15; 95% CI: -16.01 to 8.96; p = 0.37). NH White individuals
experienced a significant rise from 17.12 in 1999 to 46.05 in 2012
(APC: 6.08; 95% CI: 4.68 to 10.60; p = 0.003), a non-significant
decline to 34.81 in 2015 (APC: -7.77; 95% CI: -12.59 t0 2.27; p =
0.17), and a significant surge in AAMR, reaching 59.63 in 2023
(APC: 9.51; 95% CI: 7.14 to 16.99; p = 0.003) (Supplemental
Tables 1, 3, 5) and (Figure 2).

3.4. Regional Trends

The Southern region reported the highest number of deaths (128,801),
followed by the Midwest (90,671), the West (83,902), and the
Northeast (69,278). Overall, AAMRs were highest in the Northeast
(40.00), followed by the Midwest (35.89), the West (34.75), and
the South (31.58). All regions demonstrated an overall increase
in AAMR between 1999 and 2023. In the Northeast, AAMR
increased from 17.61 to 48.97 (AAPC: 4.18; 95% CI: 3.61 to 5.38;
p < 0.0001), while the Midwest saw a rise from 19.09 to 55.54
(AAPC: 4.81; 95% CI: 4.25 to 5.89; p < 0.001). The South saw an
increase from 14.27 to 54.68 (AAPC: 5.61;95% CI: 4.94 to 7.31; p
< 0.001) over the same period. The West experienced an increase
from 16.79 to 56.47 (AAPC: 5.52;95% CI: 4.86 t0 6.91; p < 0.001).

AAMR in the Northeast saw an initial, significant incline, from
17.611in 1999 t0 39.99 in 2012 (APC: 4.61; 95% CI: 3.31 t0 9.26; p
= 003), followed by a non-significant drop to 28.82 in 2015 (APC:
-9.22; 95% CI: -14.05 to 1.19; p = 0.10), and a significant surge,

reaching 48.97 in 2023 (APC: 8.96; 95% CI: 6.36 to 18.37; p =
0.005). In the Midwest, AAMR rose sharply and significantly from
19.09 in 1999 to 47.09 in 2012 (APC: 5.52; 95% CI: 4.17 to 9.49;
p = 0.002), followed by a non-significant decline to 34.63 in 2015
(APC: -7.78; 95% CI: -12.38 to 1.75; p = 0.14), and a significant
rise to 55.54in 2023 (APC: 8.76; 95% CI: 6.51 to 14.34; p = 0.002).

In the Southern region, AAMR rose significantly from 14.27 in
1999 t040.91in 2012 (APC: 6.14;95% CI: 4.43 to 16.79; p = 0.005),
followed by a non-significant drop, reaching 30.71 in 2015 (APC:
-8.30; 95% CI: -13.89 to 2.90; p = 0.22), and a significant surge
to 54.68 in 2023 (APC: 10.45; 95% CI: 7.63 to 20.12; p = 0.009).
The Western region experienced a marked increase in AAMR from
16.79 in 1999 to 49.70 in 2012 (APC: 7.21; 95% CI: 5.51 to 11.96;
p =0.006), followed by a non-significant reduction to 34.49 in 2015
(APC: -9.03; 95% CI: -14.14 to 1.95; p = 0.13), and a significant
rise to 56.47 in 2023 (APC: 8.72;95% CI: 6.16 to 16.24; p = 0.002)
(Supplemental Tables 3, 6) and (Figure 3).

3.5. Stratified by Urbanization

Between 1999 and 2020, metropolitan areas accounted for more
deaths (226,486) than non-metropolitan areas (58,353). From 1999
to 2020, both metropolitan and non-metropolitan areas showed
an increase in AAMR. AAMR in metropolitan areas rose from
16.35 to 42.89 (AAPC: 4.14; 95% CI: 3.48 to 5.19; p < 0.001),
compared to non-metropolitan areas, which increased from 17.95
t055.66 (AAPC: 4.73;95% CI: 4.01 t0 5.92; p < 0.001). The overall
AAMR remained higher in non-metropolitan areas (34.51) relative
to metropolitan areas (29.05).

Segmented trend analysis (1999-2020) showed that metropolitan
regions experienced a significant increase in AAMR from 16.35
in 1999 to 43.11 in 2012 (APC: 5.86; 95% CI: 4.43 to 8.42; p =
0.010), followed by a non-significant decrease to 30.99 in 2015
(APC: -8.22; 95% CI: -12.49 to 0.33; p = 0.05), and a significant
rise to 42.89in 2020 (APC: 7.66;95% CI: 3.80to 17.51; p=0.001).
In non-metropolitan areas, AAMR rose significantly from 17.95
in 1999 to 48.68 in 2012 (APC: 5.98; 95% CI: 4.67 to 9.08; p =
0.012), followed by a non-significant drop to 37.34 in 2015 (APC:
-7.61; 95% CI: -12.12 to 1.53; p = 0.09), and a significant surge,
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Figure 4: Atrial Fibrillation and Renal Disease-Related AAMRs per 100,000 Stratified by Urban-Rural Status in Adults in the United States 1999-2023.

reaching 55.66 in 2020 (APC: 9.46; 95% CI: 4.85 to 21.81; p <
0.001) (Supplemental Tables 3, 7) and (Figure 4).

4. Discussion

This 25-year nationwide study has shown a dramatic increase in
mortality with the co-occurrence of AF and renal disease men-
tioned on the death certificate in the United States. The AAMR
increased by more than 3 times over the 25 years of this study.
Overall, males had higher AAMR than females; however, females
showed a steeper increase in AAMR over the same period. There
were race-related patterns in mortality, with mortality being highest
for NH Whites, yet steeply increasing AAMR trends were noted
among Black, Hispanic, and Asian individuals as well. Increases
in AAMR were highest in the Northeast, while more deaths oc-
curred in the South. Non-metropolitan areas had higher AAMR
than metropolitan areas for the entire period. Most of the deaths
occurred in medical facilities; hospice had the lowest proportion
of deaths. Across all subgroups, a recurring pattern of a sharp rise
until 2012, followed by a temporary dip and a subsequent surge
post-2015, was consistently observed, underscoring a growing and
disproportionate mortality burden in this dual-disease population.

A sex-stratified analysis reveals a paradoxical yet well-established
phenomenon: men have higher AAMRs, but the increase in AAMR
is steeper in women. In the literature, it is recognized that AF
in women has historically been underdiagnosed, and it tends to
have a higher stroke risk, more symptomatic burden, and po-
tentially delayed rhythm control therapy [18-21]. This may help
contextualize the observed steeper rise in mortality among women,
suggesting potential gaps in recognition and management of AF
in this subgroup that warrant further study. The present findings
parallel reports that suggest a diagnostic gap in AF and renal
disease care, especially for CKD, based on gender. There was a
notable difference in the timing of the mortality peak: women had
an earlier peak (1999 - 2012) than men (1999 - 2012), suggesting
earlier progression or poorer health-seeking behavior [22, 23]. The
second phase of acceleration (2015 -2023) aligns with national
principal trends of diminishing gains in cardiovascular mortality,
particularly affecting women with comorbidities [24].

Racial differences in AAMR were observed, with NH White peo-
ple having the highest AF-associated renal mortality consistently

over time, followed by NH Black and Hispanic people. Nonethe-
less, the steepest increases in AAMR were observed across all
races, especially among NH Black and Hispanic people in the
2015 or later timeframe. These patterns may reflect broader struc-
tural and healthcare disparities that influence disease recogni-
tion, documentation, and outcomes, though mechanistic explana-
tions remain speculative and untested in this dataset [25, 26].
AF has been historically underreported in Black individuals be-
cause of diagnostic bias and lower AF awareness. Still, new,
larger population-based cohort studies demonstrate an increasing
presentation with worse outcomes in Black renal disease cohorts
[26-28]. Additionally, the variation in Hispanic and Asian/Pacific
Islander AAMRs—evidenced by a collateral rise, decline, and
resurgence—likely signifies instability within the health system.

Geographically, the Southern U.S. reported the most deaths, while
the Northeast had the highest AAMR. The Northeast’s higher
AAMR may reflect underlying demographic age structure, regional
differences in healthcare utilization, or variation in death certificate
reporting practices. Meanwhile, the trends in the Midwest and the
West were more intermediate. Interestingly, all regions showed
a decline in 2012-2015, followed by a pickup that most likely
coincides with national shifts in ICD coding practice and evolving
renal disease management guidelines. The sharp AAMR increase
in the West may also reflect regional variation in ICD-10 coding
accuracy, cardiology workforce availability, or adoption of state-
level quality initiatives that influence disease documentation [29—
31].

As shown, although the absolute deaths occurred in metropolitan
regions, AAMRs were significantly higher in non-metropolitan
regions. Itis important to note that urbanization data in CDC WON-
DER is available only through 2020; thus, urban—rural comparisons
do not extend into the post-pandemic era. Fewer specialists, delayed
presentation of conditions, and a greater burden of comorbidities
among rural populations may explain some of the differences [32—
34]. While telehealth expansion during COVID-19 was intended
to reduce rural care disparities, our data extend only through 2020
and do not capture pandemic-era implementation or its effects on
AF care delivery. Therefore, any telehealth-related inferences must
be interpreted with caution [35]. Interpretation of mortality trends
after 2019 should be approached cautiously, given the potential
influence of COVID-era disruptions in death certification and
coding practices. During 2020-2021, competing mortality risks,
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strained healthcare access, and changes in cause-of-death attribu-
tion may have impacted the observed data. Additionally, shifts in
ICD-10 coding guidance and COVID comorbidity reporting could
artifactually influence the attribution of AF or renal disease.

The place-of-death analyses demonstrated that over half of the
renal deaths attributed to AF were in medical facilities and fewer
at home, or through hospice, which may reflect limited access
to palliative care pathways. However, under-recording of hospice
enrollment and selection effects in documentation likely contribute
as well [36, 37]. However, low hospice utilization may also re-
flect structural and clinical constraints beyond access barriers.
Prognostication in AF with CKD is often uncertain, complicating
eligibility for hospice, which requires a six-month life expectancy.
Medicare regulations discourage concurrent dialysis and hospice
care, limiting enrollment for ESRD patients who choose to con-
tinue dialysis. Additionally, many patients receive palliative care
in nursing homes without a formal hospice designation. Thus, the
low hospice proportion may partly reflect systemic limitations in
eligibility and care models. Past research shows that patients with
AF and CKD frequently miss out on hospice referrals because
they are often too complicated based on medication and unplanned
rehospitalization needs [38, 39]. This highlights the need for early
discussions at the end-of-life, particularly as slowing, progressive
kidney disease is common in older adults who are also experiencing
overall declining functional status.

4.1. Strengths and Limitations

This analysis used 25 years of nationally representative mortality
data, providing a complete, stratified, geographically contextual-
ized understanding of AF-related renal mortality, unlike previous
studies that have either explored CKD or AF in isolation. This
dual-disease perspective, including all the renal diseases along with
AF, has unearthed rich, real-world mortality patterns across gender,
race, region, and urbanization. The level of detail from the joinpoint
regression has yielded valuable insights into inflection points that
would be obscured in linear analyses. In addition, this research
fills important epidemiologic gaps by reporting underrecognized
disparities in minority and rural populations with renal diseases
and CVD, highlighting how systemic inequities may intersect with
disease-specific risk.

As a retrospective review of the data available from CDC WON-
DER, this research is limited to the inherent limitations of death
certificate reporting, the potential for misclassifying individuals
based on their death records, and the absence of patient-level clin-
ical detail (e.g., disease trajectory, type of AF (paroxysmal vs per-
manent), and treatment variables (e.g., dialysis, anticoagulation).
The research design cannot establish causation due to its ecological
and retrospective nature, nor can it account for competing risks
from other cardiovascular comorbidities. Urbanization data was
only available until 2020, and race/ethnicity classification may lack
granularity to account for multiracial populations. In addition, the
study protocol did not examine intermediate outcomes, such as
hospitalization or arrhythmia burden, that might enable a richer
mechanistic understanding of the renal disease’s implications for
mortality in CVD populations. The study protocol was vulnerable
to the ecological fallacy, and results cannot substitute longitudinal
cohort or randomized trial data. Still, these findings represent an
exciting first step towards further prospective study and targeted
interventions.

Another limitation is the inability to differentiate between AKI,
CKD, and ESRD using the ICD-10 codes, which introduces het-
erogeneity within the renal population. Changes in dialysis prac-
tices—such as expanded access, revised initiation thresholds, in-
creased use of home and peritoneal dialysis, and conservative
kidney management—have evolved significantly over 25 years and
may confound temporal trends in mortality. These shifting practices
may influence both disease trajectory and how renal disease is
recorded on death certificates, affecting the interpretation of AF-
related mortality patterns.

Additional limitations include the inability to differentiate between
the underlying cause and any-mention coding of AF and renal
disease, which could influence the interpretation of mortality at-
tribution. Race and ethnicity data on death certificates are sub-
ject to misclassification, especially among Hispanic, Asian, and
multiracial individuals. The ICD-10 code N28.9, included in this
study, is a non-specific renal diagnostic code and may lack clinical
precision. The dataset relies on bridged-race methodology, which
may obscure within-group heterogeneity. Importantly, treatment-
related variables such as anticoagulation use, dialysis modality, or
rhythm control strategies are unmeasured, and COVID-era deaths
may not be directly comparable due to shifts in coding and care
patterns during the pandemic.

4.2. Clinical implications and future directions

The steady rise in mortality due to AF and renal disease suggests
the need for a unified care model that addresses the seamless
transition of patient care from nephrologists to cardiologists, that
addresses early diagnosis, anticoagulation appropriateness, and
rhythm control focused on symptoms [40, 41]. Palliative care
integration for late-stage renal disease with AF should also be
prioritized to align end-of-life care and access to hospice better,
and patients should be fast-tracked to guidelines that recognize the
complexities of AF across all renal disease populations, particularly
when considering bleeding risks and the burden of any underlying
arrhythmia [42, 43]. Future research should explore the impact
of emerging therapies—such as non-vitamin K antagonist oral
anticoagulants in CKD or catheter ablation strategies in ESRD—on
outcomes in this high-risk population, as these treatments could
modify risk but are not captured in mortality data [44]. Finally,
qualitative research exploring barriers to hospice access and to
shared decision-making in patients with AF and renal disease is
needed to improve health equity [45, 46].

4.3. Secular Trends in Detection and Documentation

When interpreting the observed rise in AF mortality, it is impor-
tant to consider secular changes in diagnostic and documentation
practices throughout the study period. After the shift to ICD-10
coding around 1999, there were numerous Centers for Medicare &
Medicaid Services (CMS) initiatives in the 2011-2012 time frame
aimed at increasing chronic comorbidity capture for reimbursement
and risk adjustment, and some of the changes observed during
this period may be due to those efforts [47]. Detection of AF
also significantly improved during the study period due to the
introduction of electronic health record (EHR)- triggered alerts
and alerts from implantable cardiac monitors, point-of-care ECGs,
and consumer-use wearables. These innovations led to improved
detection sensitivity, and detection rather than increased incidence
may have contributed to the perceived increase in morbidity and
severity [48]. CKD detection and staging also changed during the
study window due to standardized CKD staging (KDIGO 2002 and
2012 updates) and earlier detection, increasing the likelihood that
renal disease would be identified as a contributing cause on death
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certificates [49]. Lastly, a national effort to improve death certifi-
cate completion and education of physicians regarding completing
the death certificate and documenting “coexisting conditions” such
as AF and CKD, may have improved the identification of these
conditions as being present at the time of death. Overall, these
secular changes in practice indicate that some of the rise in atrial
fibrillation-associated renal mortality in the United States may be
due to improvements in identification and documentation rather
than to increased biological or epidemiological factors.

5. Conclusions

Using a 25-year national dataset, we have demonstrated a con-
cerning rise in AF and renal disease mortality in elderly individ-
uals, with notable disparities based on sex, race, geography, and
urbanization. The persistence of adverse mortality trends under-
scores a growing epidemiological burden among older adults with
coexisting AF and renal disease. These findings call for targeted,
prospective studies, particularly those linked to clinical registries,
to better understand treatment patterns, disease trajectories, and op-
portunities for equitable intervention in this high-risk population.
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ABSTRACT

Background: Hypertensive heart and renal disease remain major contributors to mortality in the
United States. Tracking long-term mortality patterns is essential for identifying high-risk populations
and guiding public health strategies.

Methods: We conducted a nationwide ecological time-trend analysis using CDC WONDER under-
lying cause-of-death data for Hypertensive Heart and Renal Disease (ICD-10 113) from 1999-2023.
Age-adjusted mortality rates (AAMR) for all ages were examined by sex, race/ethnicity, census region,
and urbanization level. Temporal changes were assessed using joinpoint regression with annual percent
change (APC) and average annual percent change (AAPC).

Results: AAMR increased from 1.2 (95% CI: 1.2-1.3) per 100,000 in 1999 to 4.2 (95% CI: 4.2-4.3)
in 2023. After relative stability in the early years, a marked rise began around 2011, with the
South and Midwest showing the steepest increases. From 2013-2023, the AAPC was not statistically
significant for females (AAPC = 6.26%; p = 0.1678) but was significant for males (AAPC = 10.67%;
p = 0.000117). Males(with AAMR of 4.7 vs 3.9 in females in 2023), older adults, and Black
individuals consistently exhibited the highest mortality, while American Indian or Alaska Native
groups experienced the most rapid recent increases. A modest decline from 2021-2023 was observed;
potential explanations include shifts in healthcare access, reporting, or coding practices.
Conclusions: Rising mortality from hypertensive heart and renal disease from 1999 to 2023 high-
lights persistent demographic and geographic disparities requiring targeted interventions. Keywords:
Hypertensive heart disease; Renal disease; Mortality trends; Age-adjusted mortality; Health disparities

1. Introduction

Hypertension, with a high prevalence of exposure, is the
strongest risk factor for cardiovascular disease (CVD), which
is the leading cause of mortality and morbidity in the United
States [1, 2]. Hypertension is defined as systolic blood
pressure greater than 130 mm of Hg and diastolic blood
pressure greater than 80 mm of Hg [3]. According to an
analysis, the prevalence of hypertension was nearly 48% in
the US during August 2021-August 2023. It remains above
the target goal of Healthy People 2030, raising health con-
cerns [4, 5]. Based on several cohort studies, this epidemic
is a significant risk factor for several conditions like atrial
fibrillation, cerebrovascular diseases, heart failure, coronary
heart disease, aortic syndromes ,chronic kidney disease, and
dementia [1].
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Hypertension mediated organ damage (HMOD) like hyper-
tensive heart and renal disease is more common among
people with long standing or severe hypertension but asymp-
tomatic population or people with less severe hypertension
also suffer from these complications [6, 7].

While delving deep into the pathophysiological mechanism
behind these complications, it is found that left ventricu-
lar hypertrophy is the earliest manifestation of hyperten-
sive heart disease and it progresses to other complications
like heart failure and end stage renal disease (ESRD) [8,
1].Similarly, hypertension also damages the renal microvas-
culature directly due to high pressure transmission resulting
in fibrosis and hypertensive renal disease [9].

Based on our analysis of the Centres For Disease Control and
Prevention Wide-Ranging OnLine Data for Epidemiological
Research (CDC WONDER) database, the mortality rates
in the US due to combined hypertensive heart and renal
disease have increased in the last two decades with the age-
adjusted mortality rates (AAMR) of 4.2 ( 95% CI 4.2 to
4.3) per 100,000 population in 2023 with 17,623 deaths due
hypertensive heart and renal disease [10]. Several studies
have shown higher mortality rates in men and younger
adults due to hypertensive heart disease and in African
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Americans and populations in the West and metropolitan
areas of the US due to hypertensive renal disease [11, 12].
These trends in mortality rates warrant further research into
several contributing factors. Therefore, this study aims to
examine nationwide trends and disparities in ICD-10-coded
mortality due to hypertensive heart and renal disease (I13) in
the United States from 1999 to 2023, with specific focus on
variations by gender, race, age group, and geographic region.
This analysis of variations and temporal trends is valuable
for the development of effective hypertensive heart and renal
disease management strategies.

2. Methods

2.1. Study setting and population

In this nationwide ecological time-trend analysis, an in-
depth search was conducted on Hypertensive Heart and
Renal Disease in the US population from 1999 to 2023
and death certificate based data were retrieved from CDC
WONDER underlying cause of death for all ages. The study
used the diagnostic codes from the 10th version of the
International Classification of Diseases and Related Health
Problems (ICD-10) including 113 for “Hypertensive Heart
and Renal Disease”. This data set has been used by previ-
ous studies for mortality analysis of cardiovascular diseases
and their complications. Information from death certificates
from all 50 states and the District of Columbia is used
in this collection [10]. This study used deidentified data
from government-issued public use data set, therefore, this
research did not necessitate an approval from local institu-
tional review board. It follows the Strengthening the Report-
ing of Observational Studies in Epidemiology (STROBE)
guidelines for reporting.

2.2. Data Abstraction

This data set included year, population size, demographic
characteristics, urban-rural classification, geographical seg-
mentation, and location of death, including hospitals, nurs-
ing homes, long-term care facilities, households, and hos-
pices. The demographics included age, race, and gender.
Race (any ethnicity) was classified as White, Black or
African American, American Indian or Alaskan Native,
and Asian or Pacific Islander. Hispanic individuals of any
race were analyzed as a separate group. This collection was
retrieved from CDC WONDER. [10]. The population was
assessed in urban and rural counties per the 2013 U.S. census
classification in accordance with the National Center for
Health Statistics Urban-Rural Classification Scheme to all
study years (1999-2023) to ensure consistency in county
categorization and comparability across the full analysis
period [13]. According to the United States Census Bureau,
geographical categories included West, Northeast, South,
and Midwest [14]. Mortality rates were analyzed using
two age groups, <65 years and >65 years, to reflect the
markedly higher concentration of cardiovascular and renal
risk in older adults. For clearer temporal assessment, year-
interval groupings were organized into 5-year blocks (e.g.,
1999-2003, 2004-2008). Place-of-death and urbanization
analyses were restricted to 1999-2020, reflecting the last

year for which these variables were available in the CDC
WONDER database.

2.3. Statistical Analysis

We used crude death rates and AAMRSs per 100,000 from
1999 to 2023 from CDC WONDER to examine the trend.
These rates were further divided into groups based on gen-
der, year, age, race, and State. 95% confidence intervals
(CI) were included. We obtained AAMR directly from CDC
WONDER (2000 U.S. standard population) [15]. Crude
mortality rates were calculated by dividing the number of
deaths caused by Hypertensive Heart and Renal Disease
by the corresponding US population of that year. Annual
Percent Change (APC) with 95% confidence intervals was
calculated using the Joinpoint Regression Program (Join-
point V 5.3.0.0, National Cancer Institute) [16]. A log-linear,
weighted model was used to identify statistically significant
changes in mortality trends. Using two-tailed testing, APC
estimates were considered increasing or decreasing when the
slope differed significantly from zero, with a p-value < 0.05
denoting statistical significance. The final model allowed
up to three joinpoints. Missing or unknown values were
excluded for analysis of cohorts.

3. Results

The AAMR due to hypertensive heart and renal disease has
increased from 1.2 (95% CI=1.2to 1.3) in 1999 to 4.2 (95%
CI = 4.2 to 4.3) in 2023 with a total number of 148,337
deaths from 1999 to 2023. From 1999 to 2011, it remained
relatively stable; however an increasing trend in AAMR
was noted during the next 12 years, with a relatively sharp
increase from 2017 to 2020. The South and Midwest experi-
enced the sharpest increases in mortality rates, particularly
in the last decade. Males showed a statistically significant
upward trend in mortality rates, while the increase for fe-
males was less consistent and not statistically significant.
Significant increases were observed across Hispanic ethnic-
ity, and among races including White, Black, and Asian
populations in recent years, with particularly rapid increases
in the American Indian or Alaska Native population from
2014 to 2023.

3.1. Gender stratification

From 1999 to 2023, men had consistently higher mortality
rates as compared to women as shown in (Figure 1). For
females, the rate began at 1.1 in 1999, reaching 3.9 by
2023 as given in Supplementary Table S1. Their AAMR
increased significantly from 2013 to 2021 (APC =24.9,95%
CI =17.95 to 32.25, p < 0.001) and then there was a period
of decline from 2021 to 2023 (APC = -44.34, 95% CI = -
65.8 to -9.4, p = 0.03) as shown in Supplementary Table
S2. Despite a statistically significant incline in AAMR from
2013 to 2021, the trend for overall AAPC from 2013 to 2023
was not statistically significant for females (AAPC = 6.26%,
95% CI = -2.52 to 15.83, p = 0.17) as shown in (Figure 2).

For males, the mortality rate started higher, at 1.4 in 1999,
reaching to 4.7 in 2023 as shown in Supplementary Table
S1. Their AAMR increased significantly from 2011 to 2021
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(APC = 23.36, 95% CI = 17.64 to 29.37, p < 0.001) and
then there was a period of decline from 2021 to 2023
(APC = -35.72, 95% CI = -51.79 to -14.29, p = 0.01) as
shown in Supplementary Table S2. This trend of increasing
mortality was statistically significant for males from 2011 to
2023 (AAPC = 10.67%, 95%CI = 5.1 to 16.5, p < 0.001) as
shown in (Figure 3).

3.2. Racial stratification

The racial trends for hypertensive heart and renal disease,
shown in (Figure 4), demonstrate the highest mortality rates
for Black individuals with their APC shown in Supplemen-
tary Table S3. For American Indian or Alaska Native, a
notable increase in mortality was observed from 2014 to
2021, with an APC of 22.22 (95% CI = 13.81 to 23.26) and
APC of 6.93 from 2021 to 2023. Overall, AAPC from 2014
to 2023 was 18.44 (95% CI = 13.81 to 23.26, p < 0.001).

For Black individuals, from 1999 to 2010, there was a
decrease in mortality rates (APC = -3.46, 95% CI = -4.78 to
-2.1, p < 0.001). However, from 2010 to 2015, APC shifted
t0 3.2 (95% Cl=-4.11 to 11.08, p = 0.38) and from 2015 to
2023, it shifted to 10.43 (95% CI = 8.7 to 12.18) reflecting a
positive trend and a significant increase in mortality for this
group. Overall, the trend of increased mortality from 1999
to 2023 was statistically significant (AAPC = 2.38, 95% CI
=0.74 t0 4.05, p = 0.01).

For Asian or Pacific Islander, a negative APC of -3.48 (95%
CI = -5.51 to -1.40, p < 0.001) was observed from 1999
to 2010, followed by an increase in mortality from 2010 to
2023, where the APC reached 6.92 (95% CI=5.71t0 8.14,p
< 0.001). Overall, the trend of increased mortality from 1999
to 2023 was statistically significant (AAPC = 2.02, 95% CI
=0.92t0 3.13, p < 0.001)

For White individuals, the mortality trend showed a decline
from 1999 to 2009 (APC = -1.79, 95% CI = -3.08 to -0.47,
p = 0.01), followed by a significant increase after 2009.
From 2009 to 2015, the APC was 7.19 (95% CI = 3.46 to
11.04, p < 0.001) and from 2015 to 2021, the APC surged
t0 20.52(95% CI= 18.57 to 22.50), showing a major upward
trend with a very significant p < 0.001. This continued into
2023, with an APC of 10.55 (95% CI = 6.71 to 14.51, p
< 0.001), confirming that mortality rates for Whites have
been increasing rapidly in recent years. Overall, the trend
of increased mortality from 1999 to 2023 was statistically
significant (AAPC = 6.7, 95% CI = 5.58 to 7.83, p < 0.001)

When stratified based on ethnicity, Hispanics had the APC
from 1999 to 2010 was -2.67 (95% CI = -4.75 t0 -0.54, p =
0.02), suggesting a decrease in mortality during that period.
However, from 2010 to 2020, the APC increased to 9.42
(95% CI = 7.60 to 11.25, p < 0.001) indicating a recent
upward trend in mortality for this group. Overall, the trend
of increased mortality from 1999 to 2020 was statistically
significant (AAPC =2.9,95% CI = 1.6 to 4.2, p < 0.001)

Table 1: Number of deaths according to the place of death.

Place of Death Number of
Deaths
Decedent’s home 32,813
Nursing home/long-term care 25,208
Medical facility—Inpatient 24,593
Medical facility—Outpatient or ER 7,985
Other 4,771
Hospice facility 4,473
Medical facility—Dead on arrival 626
Place of death unknown 180
Medical facility—Status unknown 56

3.3. Mortality trends by census regions

The AAMR show significant regional variation over the
years from 1999 to 2023 as shown in (Figure 5)and Supple-
mentary Table S4. In the Northeast, the AAMR started at
0.9 in 1999 and saw an increase, reaching 2.4 by 2023. This
represents a steady upward trend over the 25 years. In the
Midwest, the rate began at 1.1 in 1999, with fluctuations until
2020, when it spiked to 3.1. By 2023, the rate had increased
to 4.6, reflecting a strong upward trajectory, particularly in
the last decade. The South experienced a similar pattern,
starting at 1.5 in 1999. The rate remained relatively stable
at 1.2 throughout much of the early 2000s but began rising
significantly from 2015 onwards, reaching 5.5 by 2023. This
indicates a sharp increase in mortality rates, especially in the
last 8 years. In the West, the AAMR began at 1.3 in 1999 and
saw less fluctuation compared to the other regions. The rate
gradually increased to 3.4 by 2023, with steady growth over
the years.

3.4. Urbanization trends

From 1999 to 2020, mortality rates for hypertensive heart
and renal diseases generally increased across various levels
of urbanization as shown in Supplementary Table S5. In
large central metropolitan areas, the rate increased to 2.9 in
2020 from 1.4 in 1999. Similarly, large fringe metropolitan
areas saw a rise from 1.0 to 2.4 over the same period.
Medium metro areas experienced a steady increase, climb-
ing from 1.3 to 3.5, while small metro areas moved from
1.1 to 3.1. Similarly, rural areas such as micropolitan and
noncore regions experienced increases, with micropolitan
areas rising from 1.2 to 3.3 and noncore regions moving
from 1.1 to 3.1. These trends, shown in (Figure 6), highlight
that while mortality rates have been rising across all areas.

3.5. Place of Death

Analyzing the number of deaths from 1999 to 2020, shown
in (Table 1), the maximum number of deaths took place in
the decedent’s home followed by nursing homes, inpatient
facilities, and outpatient settings. Other places of death, such
as hospice facilities settings accounted for a smaller propor-
tion of total deaths. These figures reflect simple distributions
and do not indicate rates or relative risk.
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Figure 1: Gender based stratification of AAMR of hypertensive heart and renal disease.
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Figure 2: Annual percentage change (APCs) in hypertensive heart and renal disease related mortality in females.

3.6. Age-based stratification

The number of deaths was consistently higher in the popula-
tion above 65 years of age. The age adjusted death rate from
1999 to 2003 in this population was 7.0, which was followed
by a decline to 6.8, from 2004 to 2008. After 2008, there
was an increase, with a very prominent increase after 2014
reaching a rate of 23.9. For people below 65 years of age,
the death rate due to hypertensive heart and renal disease
remained relatively stable, reaching 0.5 during 2018 to 2023.
The overall trend, shown in (Table 2), clearly shows that as
people age, the risk of death from these conditions increases
substantially.

3.7. Mortality stratified by geographic region

The state-wise trends reveal considerable variation across
the United States. Some states like Oklahoma, and Missis-
sippi show notably higher age-adjusted rates, reaching as
high as 24.4 and 8.1 in 2023, indicating a more pronounced
issue with hypertension-related deaths. Meanwhile, states
like Wyoming and Montana report the lowest rates, with

an average AAMR (extracted from CDC WONDER) of 0.6
from 1999 to 2020. Other states such as California, Florida,
and Michigan, fall in the middle, reflecting more moderate
trends in the age-adjusted rates. Overall, while some states
face greater challenges in managing hypertensive diseases,
there is a general spread, with urbanized regions showing
a broad but stable incidence, and rural or less urbanized
regions tending to have higher mortality rates from these
conditions.

4. Discussion

Our study has demonstrated an overall increase in mortality
rate from hypertensive heart and renal disease from 1999
to 2023 across all races, genders, census regions and urban-
ization groups. Males had a consistently higher mortality
rate as compared to females. Among different races, Blacks
or African Americans had the highest mortality rates with
the rapid increase in mortality rates of American Indians
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Figure 3: Annual percentage change (APCs) in hypertensive heart and renal disease related mortality in males.
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Figure 4: Annual Percentage change (APCs) in hypertensive heart and renal disease related mortality in different races.

or Alaska Natives. Similarly, older adults had higher mor-
tality rates as compared to younger individuals due to Hy-
pertensive Heart and Renal Disease. Chronic elevation of
blood pressure produces structural and functional changes
in the heart and coronary arteries resulting in left ventric-
ular hypertrophy, ultimately leading to heart failure and
conduction abnormalities. Hypertensive heart disease is a
constellation of these abnormalities [17]. Similarly chronic
elevation of blood pressure also damages the blood ves-
sels in kidneys and leads to glomerular hypertrophy which
precedes glomerulosclerosis [18]. These conditions can co-
exist in people suffering from hypertension. Moreover, one
condition can worsen the other . For example, CKD can
also lead to heart failure and cardiac fibrosis in histology.
Additionally, cardiovascular morbidity and mortality are
inversely associated with kidney function [19, 20].

Our study has demonstrated higher mortality rates in males
as compared to females. It is consistent with the trends seen
in other studies for hypertensive heart and renal disease.
Raja et al. concluded that Men had higher AAMRs from
hypertensive heart disease than women during 1999 to 2020
(overall AAMR men: 23.1; 95% CI: 23.0-23.1; women:

16.4; 95% CI: 16.3-16.4) [12]. It is also consistent with
findings of another study that older men had higher mortality
rates from hypertensive heart disease as compared to older
women [21]. Similarly, males had higher mortality rates due
to hypertension-related ESRD [22]. Men appear more sus-
ceptible to hypertensive kidney disease and renal function
decline than women, as shown in a Chinese cohort. Women,
by contrast, demonstrate relative protection from renal and
cardiovascular consequences. However, these mechanistic
insights derive from non-U.S. populations and may not fully
explain the mortality patterns in our nationwide analysis.
They should thus be considered plausible explanations rather
than definitive causes [23, 24, 25].

Analysis of racial disparities reveals that African Americans
are more likely to have both hypertensive heart disease and
renal disease. This can be explained by the fact that the
incidence of hypertension in this population is higher than
in others. Some other factors, like tobacco use and incidence
of diabetes, also support this finding in African Americans
[26, 12]. Some other studies have also supported higher in-
hospital mortality rates of non-Hispanic Blacks as compared
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Figure 5: AAMR stratified by Census region in hypertensive heart and renal disease related mortality.
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Figure 6: AAMR stratification based on urbanization for hypertensive heart and renal disease.

to their White counterparts due to poor control of hyper-
tension. It is attributable to lack of access to primary care
providers, compromised quality of care, and lesser insurance
coverage [27, 28].

Another important trend observed in our study is the decline
in AAMR for females (APC = —44.34, 95% CI = —65.8
to —9.4, p = 0.03) and males (APC = —35.72, 95% CI =
—51.79 to —14.29, p = 0.01) from 2021 to 2023. A similar
pattern has been documented for mortality due to diabetes
and hypertension, with AAMR decreasing from 96.86 in
2021 to 84.58 in 2023, corresponding to an APC of —8.96
(95% CI: —14.42 to —2.002; p = 0.02) in females and —7.93
(95% CI: —12.80 to —1.89; p = 0.02) in males [29]. In
addition, a study by Wagqas et al. reported that following the
pandemic, overall hypertension-related death rates fell 4.0%,
from 258.2 (2020-2021) to 247.9 (95% CI: 247.5-248.3) in
the post-pandemic period [30].

The observed decline may be related to several factors,
including changes in coding practices, competing mortality

from COVID-19, and improved access to healthcare as ser-
vices resumed after the pandemic. COVID-19 also likely al-
tered the way hypertension-related conditions were recorded
on death certificates, but the accuracy of these designations
has not been systematically investigated [31]. Moreover,
although CDC'’s updated excess-death estimation method
improves stability during and after the pandemic, mortality
estimates for the most recent years remain uncertain due to
prolonged COVID-19-related disruptions [32].

Inadequate control of blood pressure remains an important
driver of mortality related to hypertension. NHANES III
Linked Mortality Study demonstrates that both untreated
and treated-but-uncontrolled hypertensive adults face signif-
icantly higher risks of all-cause and CVD-specific death as
compared to those with controlled hypertension who do not
show excess mortality risk [33]. This highlights the need
for interventions to ensure proper blood pressure control,
especially in high-risk groups.

The 2017 ACC/AHA guidelines tightened the threshold and
lowered the recommended goal to <130/80 mmHg for most
patients; mortality trends from 2018 to 2023 did not show
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Table 2: Age-based stratification of death due to hypertensive heart
and renal disease.

Time No. of Age- No. of Age-

Period  deaths adjusted deaths adjusted
(=65 mortality (<65 mortality
years) (>65 years) (<65

years) years)

1999- 12,236 7.0 2,705 0.2

2003

2004— 12,088 6.3 2,907 0.2

2008

2009— 13,949 6.5 3,330 0.2

2013

2014- 26,148 10.8 4,760 0.3

2018

2019- 62,441 23.9 7,770 0.5

2023

>, greater than or equal to; age-adjusted mortality, deaths per 100,000 population.

any decrease in deaths due to hypertensive heart and renal
disease. Looking at the mortality trends, it does not appear
that the guideline change has had a measurable impact on
them so far, and more years of data will likely be required to
determine whether a meaningful impact emerges over time
[34].

Our findings highlight the urgent need for targeted inter-
ventions to eliminate gender-based and racial disparities
in rising mortality rates due to hypertension-related heart
and renal disease. Some studies have highlighted the causes
of these disparities and suggested solutions [35, 36, 30].
However, data is limited, and future research should focus
more on exploring the underlying causes of sex, racial, and
regional disparities and ways to eliminate these disparities.
Additionally, prospective studies should be conducted to
determine the long-term impact of changes in post-pandemic
access to health care delivery.

Future work should explore the potential positive impact
of hypertension-related awareness, anti-hypertensive treat-
ment, and control on mortality rates [37]. Integration of
social determinants of health can help identify vulnerable
groups and target interventions to them [37]. By addressing
these research gaps, evidence-based policies can be consti-
tuted to target groups affected by hypertension-related heart
disease and renal disease.

This nationwide study, using CDC WONDER data, analyzes
age-adjusted mortality trends for hypertensive heart and
renal disease (I13) but has some limitations. The analysis is
subject to cause-of-death misclassification due to the use of
death certificate data, which may affect mortality estimates.
In addition, by focusing solely on ICD-10 113, which shows
hypertensive heart and renal disease, the analysis may under-
estimate the broader burden of isolated hypertensive heart or
renal disease. Moreover, using the 2013 urban—rural scheme
across all years may misclassify counties that changed over

time, which should be considered when interpreting long-
term trends. Additionally, mortality data for 2022-2023
were provisional and obtained from the most recent CDC
WONDER release, and trends in these final years may
change as data are updated and finalized. The short duration
of certain trend segments, including those overlapping the
COVID-19 period, may contribute to instability in APC
estimates, which represents an inherent limitation of annual
mortality data. In this study, a small proportion of records
contained missing demographic or geographic information,
which represents an additional limitation of the subgroup
analyses. This analysis lacks individual-level data on risk
factors such as blood pressure control, medication use, so-
cioeconomic status, and comorbidities, which limits the abil-
ity to adjust for underlying clinical and social determinants
of mortality.

5. Conclusions

From 1999 to 2023, mortality due to hypertensive heart
and renal disease has risen significantly across the United
States, increasing from an AAMR of 1.2 to 4.2. Misclas-
sification and the absence of individual-level clinical or
socioeconomic data may influence the observed trends, but
the early years showed relative stability, and since the early
2010s, a sustained upward trend has emerged, particularly
in the South and Midwest regions, among males, and among
African Americans. It highlights persistent health disparities
and the need for targeted interventions to improve hyperten-
sion management. Future research must prioritize identify-
ing and eliminating disparities in hypertension-related mor-
tality through targeted interventions and integrating social
determinants into evidence-based policies.
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Background: Cardiac arrest and cardiomyopathy are major contributors to cardiovascular mortality
and sudden death. However, long-term national mortality trends and demographic disparities remain
unclear. This study aimed to evaluate U.S. mortality trends from 1999 to 2025 and assess differences by
sex, race/ethnicity, and age.

Methods: We conducted a cross-sectional analysis of U.S. mortality data from 1999-2025 using
the CDC WONDER Multiple Cause-of-Death database. Deaths among adults aged > 25years were
identified using ICD-10 codes 142 (cardiomyopathy) and 146 (cardiac arrest), including cases where
these codes appeared as underlying or contributing causes of death. Age-adjusted mortality rates
(AAMRs) per 100,000 population were calculated. Temporal trends were assessed using Joinpoint
regression and expressed as average annual percent change (AAPC), stratified by sex, race/ethnicity,
and three age groups (2544, 45-64, and > 65years).

Results: Between 1999 and 2025, 237,958 deaths from cardiac arrest and cardiomyopathy occurred
among U.S. adults > 25 years. Overall, AAMR declined from 6.33 to 2.41 (AAPC —3.83; 95% CL:
—4.18 to —3.57). Males had higher mortality than females (AAMR 5.82 vs 2.71) with declines from
9.13 to 3.28 and 4.36 to 1.62, respectively. Non-Hispanic (NH) Black individuals had the highest
AAMR (7.42), followed by Hispanics (4.62). Mortality was highest among those aged > 65 years
(CMR 14.74), declining from 23.88 to 7.88 between 1999 and 2025.

Conclusion: Mortality from cardiac arrest and cardiomyopathy declined significantly from 1999-2025.
However, substantial disparities persisted, with higher mortality among males, NH Black individuals,
and adults > 65 years, highlighting ongoing inequities in cardiovascular outcomes.

Keywords:
Cardiac arrest
Cardiomyopathy
Mortality trends
Health disparities
Joinpoint analysis

the United States, with survival rates remaining low despite advances
in resuscitation and emergency care. Approximately 90% of out-of-
hospital cardiac arrest events are fatal, underscoring the persistent
burden of this condition on the healthcare system and population
health [1-3]. Cardiomyopathies, including hypertrophic, dilated,

1. Introduction

Cardiac arrest and cardiomyopathy represent major contributors to
cardiovascular morbidity and mortality worldwide and remain a
significant public health concern in the United States [1]. Sudden

cardiac arrest alone affects more than 350,000 individuals annually in
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restrictive, and arrhythmogenic forms, are important underlying
causes of heart failure, malignant arrhythmias, and sudden cardiac
death. Hypertrophic cardiomyopathy, one of the most common
inherited cardiac disorders, affects roughly 1 in 500 individuals,
while dilated cardiomyopathy remains a leading cause of heart
transplantation and advanced heart failure [4-6].

Cardiomyopathies contribute substantially to cardiac arrest and
cardiovascular mortality through structural and electrical remodeling
of the myocardium, which predisposes patients to ventricular
arrhythmias and progressive cardiac dysfunction. Epidemiological
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studies have demonstrated that cardiomyopathy-related deaths con-
tinue to impose a considerable burden in the United States, with
thousands of deaths reported annually. For instance, analyses of
national mortality data identified over 168,000 deaths attributed to
dilated cardiomyopathy between 1999 and 2020 [7]. Furthermore,
cardiomyopathy-related mortality frequently exhibits demographic
and geographic disparities, with higher mortality rates reported
among males, older adults, and certain racial and ethnic populations

[7].

Temporal analyses of cardiac arrest mortality in the United States
suggest complex patterns over the past two decades. While some
studies report an initial decline in age-adjusted mortality rates
during the early 2000s, more recent years have shown stagnation
or even reversal of these improvements, potentially related to the
growing burden of cardiovascular risk factors, aging populations,
and disparities in access to advanced cardiovascular care [8, 9].
Additionally, cardiac arrest associated with conditions such as heart
failure and metabolic disturbances has demonstrated increasing
mortality trends since approximately 2011 in national datasets
[8]. The recent Lancet Commission to Reduce the Global Burden
of Sudden Cardiac Death emphasized that sudden cardiac death
remains a major global health challenge with survival rates from
sudden cardiac arrest below 10% in most regions worldwide, calling
for urgent multidisciplinary strategies to improve prevention, risk
stratification, and systems of care [10].

Despite the clinical significance of these conditions, limited studies
have comprehensively examined the combined national mortality
trends and demographic disparities associated with both cardiac ar-
rest and cardiomyopathy over extended time periods. Understanding
these patterns is essential for identifying vulnerable populations,
informing prevention strategies, and guiding healthcare policy.
Therefore, the present study aims to evaluate long-term trends and
disparities in mortality from cardiac arrest and cardiomyopathy in
the United States from 1999 to 2025 using national mortality data.

2. Methods

2.1. Study Design and Population

We conducted a retrospective population-based study using the
Centers for Disease Control and Prevention Wide-Ranging Online
Data for Epidemiologic Research (CDC WONDER) Multiple Cause-
of-Death database. We analyzed national death certificate data
for adults aged >25 years from 1999 through 2025 to evaluate
mortality associated with cardiomyopathy and cardiac arrest in the
United States. This age cutoff has been used to define adults in
prior cardiovascular research [11, 12], and restricting the analysis
to >25 years improves the robustness and stability of mortality
estimates. Deaths were identified using the International Statistical
Classification of Diseases and Related Health Problems, Tenth
Revision (ICD-10) codes 142 (cardiomyopathy) and 146 (cardiac
arrest). The CDC WONDER query was structured to extract
record-level mortality data from the Multiple Cause-of-Death files,
including deaths in which 142 and/or 146 appeared anywhere on
the death certificate, whether as the underlying cause of death or as
contributing causes. Each decedent was counted once in the analysis,
consistent with CDC WONDER'’s person-level mortality reporting
structure. The query parameters included: years 1999 — 2025; age
>25 years; stratification by sex, race/ethnicity, age group, and place
of death; and grouping by ICD-10 codes 142 and 146. Age-adjusted
mortality rates were calculated using the standard CDC WONDER
methodology. Institutional review board approval was not required
because this study used publicly available, de-identified government

data. The study was conducted and reported in accordance with the
STROBE (Strengthening the Reporting of Observational Studies in
Epidemiology) guidelines [13].

2.2. Data Abstraction

Data for population size and demographics, such as sex and race,
were extracted. The place of death was categorized into medical
facilities, hospice, home, and nursing home/long-term care facilities.
Racial and ethnic categories were classified as non-Hispanic (NH)
white, NH Black or African American, Hispanic or Latino, NH
American Indian or Alaska Native, and NH Asian or Pacific Islander.
Age groups were divided into 3 groups: (25 — 44, 45 — 64, and >
65 years). In accordance with CDC WONDER data-use policies,
cells with fewer than 10 deaths are suppressed by the database.
Suppressed cells were excluded from subgroup-specific analyses,
and no imputation was performed.

2.3. Statistical Analysis

Age-adjusted mortality rates (AAMRs) and crude mortality rates
(CMRs) per 100,000 population from 1999-2025, by year, sex, and
race, with 95% Cls, were calculated, using the 2000 U.S. population
as the standard [14]. CMRs were determined by dividing the number
of cardiac arrest and cardiomyopathy-related mortalities among
adults by the corresponding U.S. population of that year. The
Joinpoint Regression Program (Joinpoint V 5.4.0.0, National Cancer
Institute) was used to determine the average annual percent change
(AAPC) and the annual percent change (APC). Joinpoint regression,
a segmented regression technique, was used to identify points of
trend change (join points) by fitting log-linear models and using
permutation tests to select the optimal number of join points, thereby
ensuring model fit. This method allows identification of significant
changes in AAMR over time by fitting log-linear regression models
where temporal variation occurred. APCs were considered increasing
or decreasing if the slope describing the change in mortality was
significantly different from zero using a two-tailed t-test. A value of
p< 0.05 was considered statistically significant.

3. Results

3.1. Overall Trends

Between 1999 and 2025, cardiac arrest and cardiomyopathy ac-
counted for a total of 237,958 deaths among adults aged 25 years
and older in the United States. Most of the deaths occurred in medical
facilities as inpatients (47.10%), followed by decedent’s home
(24.10%) and nursing home or long-term care settings (10.85%),
outpatient or emergency room settings (12.73%), hospice facilities
(1.05%), medical facilities — dead on arrival (0.85%), other locations
(2.83%), medical facilities — status unknown (0.11%), and for 0.38%
of cases, the place of death was not specified (Supplementary Table
1).

The overall AAMR declined substantially from 6.33 per 100,000
in 1999 to 2.41 in 2025, with an AAPC of -3.83 (95% CI: -4.18 to
-3.57; p < 0.001). The mean AAMR was 4.04 (95% CI: 3.96 to 4.13).
From 1999 to 2006, mortality decreased sharply from 6.33 to 4.53
(-4.87; 95% CI: -7.26 to -3.87, p < 0.001), followed by a continued
but more gradual decline from 4.53 in 2006 to 2.95 in 2022 (-2.69;
95% CI: -2.98 to -1.19; p < 0.022). A further significant decline was
observed from 2.95 in 2022 to 2.41 in 2025 (-7.37; 95% CI: -12.55
to -4.15; p < 0.001) (Figure 1) and (Supplementary Table 2).

3.2. Sex-Stratified Trends
Throughout the study period, a total of 146,218 deaths were recorded
among males and 91,740 among females. Males exhibited higher
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Age-Adjusted Mortality Rate by Sex (1999-2025)
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Figure 1: Trends in age-adjusted mortality rates (AAMR) for cardiac arrest and cardiomyopathy in U.S. adults aged >25 years from 1999 to 2025, overall and

stratified by sex.
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Figure 2: Race- and ethnicity-specific trends in age-adjusted mortality rates (AAMR) for cardiac arrest and cardiomyopathy among U.S. adults aged >25

years from 1999 to 2025.

mortality, with an AAMR of 5.82 (95% CI: 5.67 to 5.98) compared
with 2.71 (95% CI: 2.62 to 2.81) in females. On average, males

experienced a greater decline in mortality than females [Males:
AAPC: -4.04 (95% CI: -4.23 to -3.89; p < 0.001); Females: AAPC:

-3.93 (95% CI: -4.24 to -3.74; p < 0.001)].

Among males, the AAMR declined from 9.13 in 1999 to 3.28 in 2025.
Joinpoint regression revealed four segments: a marked decrease from
9.13 in 1999 to 6.53 in 2006 (-4.83; 95% CI: -6.40 to -4.09; p <
0.001), continued decline from 6.53 in 2006 to 5.25 in 2015 (-2.64;
95% CI: -3.18 to -0.47; p < 0.019), a further reduction from 5.25
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Crude Rate by Age Groups (1999-2025)
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Figure 3: Age-specific trends in crude mortality rates (CMR) for cardiac arrest and cardiomyopathy among U.S. adults aged >25 years from 1999 to 2025.

in 2015 to 4.53 in 2018 (-5.07; 95% CI: -6.52 to -3.35; p < 0.001),
a slight non-significant increase from 4.53 in 2018 to 4.56 in 2021
(0.62; 95% CI: -1.69 to 2.13; p < 0.547), and again a significant
decline from 4.56 in 2021 to 3.28 in 2025 (-8.31; 95% CI: -10.11 to
-7.27; p < 0.001).

Among females, mortality decreased from 4.36 in 1999 to 1.62 in
2025. Significant decline was observed from 4.36 in 1999 to 3.24
in 2005 (-5.37; 95% CI: -8.18 to -4.30; p < 0.001) and from 3.24 in
2005 to 2.07 in 2018 (-3.30; 95% CI: -4.34 to -2.76; p < 0.001). A
slight non-significant rise was noticed from 2.07 in 2018 and 2.10
in 2021 (0.19; 95% CI: -2.70 to 1.65; p < 0.786), followed by a
significant decline from 2.10 in 2021 to 1.62 in 2025 (-6.79; 95% CI:
-10.33 to -5.15; p < 0.001) (Figure 1) and (Supplementary Table
2).

3.3. Race/Ethnicity Trends

Across racial/ethnic groups, the highest overall AAMR was observed
among NH Black or African Americans (7.42; 95% CI: 7.05 to 7.79),
followed by Hispanics (4.62; 95% CI: 4.27 to 4.97), NH Asian or
Pacific Islanders (3.94; 95% CI: 3.50 to 4.39), NH Whites (3.64; 95%
CI: 3.56 to 3.73), and NH American Indian or Alaska Natives (3.54;
95% CI: 2.63 to 4.67). Distinct trends were observed among these
groups [NH American Indian or Alaska Natives: AAPC: -2.92 (95%
CI: -3.92 to -1.59; p < 0.001); NH Asian or Pacific Islanders: AAPC:
-5.74 (95% CI: -6.14 to -5.35; p < 0.001); NH Blacks: AAPC: -3.90
(95% CI: -4.31 to -3.67; p < 0.001); NH Whites: AAPC: -3.83 (95%
CI: -4.18 to -3.54; p < 0.001); Hispanics: AAPC: -5.22( 95% CI:
-5.76 to -4.78; p < 0.001)].

Among NH American Indian or Alaska Natives, mortality declined
steeply from 6.68 in 1999 to 2.58 in 2006 (-7.26; 95% CI: -22.68 to
-2.27; p < 0.011), with a non-significant change from 2.58 in 2006
to 2.79 in 2025 (-1.27; 95% CI: -2.69 to 5.69; p < 0.352). NH Asian
or Pacific Islanders experienced a consistent and significant decline

from 8.60 in 1999 to 1.52 in 2025 (-5.74; 95% CI: -6.14 to -5.35; p <
0.001). For NH Blacks, mortality decreased significantly from 11.45
in 1999 to 5.77 in 2018 (-3.49; 95% CI: -4.90 to -3.18; p < 0.024),
showed a non-significant plateau with an AAMR of 5.77 in 2018
and 5.84 in 2021 (0.24; 95% CI: -3.17 to 1.97; p < 0.7), and declined
markedly from 5.84 in 2021 to 4.07 in 2025 (-8.72; 95% CI: -13.88
to -6.62; p < 0.001). Among NH Whites, significant decreases were
observed from 5.71 in 1999 to 4.00 in 2006 (-5.10; 95% CI: -7.15 to
-4.08; p < 0.001), from 4.00 in 2006 to 2.68 in 2022 (-2.63; 95% CI:
-2.94 10 -0.97; p < 0.025), and from 2.68 in 2022 to 2.20 in 2025
(-7.15;95% CI: -12.48 to -3.66; p < 0.001). Hispanics experienced
a significant decline from 7.95 in 1999 to 3.16 in 2020 (-4.47; 95%
CI: -4.79 to -3.81; p < 0.015), followed by a continued significant
reduction from 3.16 in 2020 to 2.13 in 2025 (-8.30; 95% CI: -15.31
to -5.69; p < 0.001) (Figure 2) and (Supplementary Table 3).

3.4. Age-Specific Trends

Age-specific CMRs demonstrated marked disparities across the study
period. Adults aged 65+ years had the highest mortality (14.74; 95%
CI: 14.38 to 15.10), followed by those aged 45-64 years (2.72; 95%
CIL: 2.61 to 2.84) and 25-44 years (0.52; 95% CI: 0.47 to 0.57).
On average, 65+ years age group experienced greater decline in
mortality over the study period, followed by 45-64 years age group
and 25-44 years age group [65+ years: AAPC: -4.21 (95% CI: -4.39
to -4.03; p < 0.001); 45-64 years: AAPC: -2.86 (95% CI: -3.06 to
-2.69; p < 0.001); 25-44 years: AAPC: -1.64 (95% CI: -2.20 to -1.28;
p < 0.001)].

Among adults aged 25-44 years, CMR decreased from 0.67 in 1999
to 0.39 in 2025. Joinpoint analysis showed a modest decline from
0.67 in 1999 to 0.47 in 2018 (-1.30; 95% CI: -2.08 to -0.86; p <
0.001), a significant slight increase from 0.47 in 2018 to 0.57 in 2021
(8.49;95% CI: 1.52 to 11.83; p < 0.006), and a significant decrease
from 0.57 in 2021 to 0.39 in 2025 (-10.12; 95% CI: -16.29 to -6.65;
p < 0.001).
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Among adults aged 45-64 years, mortality decreased from 3.85 in
1999 to 1.84 in 2025. Significant reductions were observed from
3.85in 1999 to 2.93 in 2004 (-5.63; 95% CI: -7.91 to -4.56; p <
0.001) and from 2.93 in 2004 to 2.52 in 2010 (-2.21; 95% CI: -3.65
to -0.62; p < 0.011). Mortality rates remained relatively stable from
2.521in 2010 to 2.65 in 2021 (0.34; 95% CI: -0.04 to 1.22; p < 0.066),
followed by a significant decline from 2.65 in 2021 to 1.84 in 2025
(-8.81;95% CI: -10.25 to -7.10; p < 0.001).

Among adults aged >65 years, CMR declined markedly from 23.88
in 1999 to 7.88 in 2025, with a sustained, statistically significant
reduction of -4.21 (95% CI: -4.39 to -4.03; p < 0.001), with no
joinpoints identified (Figure 3) and (Supplementary Table 4).

4. Discussion

In this nationwide analysis of mortality trends from cardiac arrest and
cardiomyopathy among U.S. adults aged >25 years between 1999
and 2025, several important findings emerged. Overall mortality
declined substantially during the study period, with age-adjusted mor-
tality decreasing from 6.33 to 2.41 per 100,000. Males consistently
demonstrated higher mortality rates than females, although both
sexes experienced significant reductions over time. Significant racial
disparities were observed, with NH Black individuals experiencing
the highest mortality rates despite overall improvements across all
racial and ethnic groups. Mortality increased markedly with age, with
adults aged >65 years having the greatest burden of death. While
mortality declined across most subgroups, temporary plateaus or
slight increases occurred in some populations during the late 2010s
and early 2020s.

The substantial decline in mortality observed in this study parallels
improvements in cardiovascular care, emergency response systems,
and resuscitation science over the past 27 years. Several population-
based studies have reported improved survival following cardiac
arrest due to enhanced emergency medical services (EMS), increased
public awareness of cardiopulmonary resuscitation (CPR), and ex-
panded availability of automated external defibrillators (AEDs). For
example, analysis from the CARES registry demonstrated significant
improvements in survival following out-of-hospital cardiac arrest in
the United States between 2005 and 2012 [15]. Similarly, national
analyses have documented improvements in survival from cardiac
arrest in recent years, reflecting advances in resuscitation protocols
and post-resuscitation care [16]. Improvements in in-hospital cardiac
arrest outcomes have also been reported, with increasing survival
rates observed over time in national registries [17].

Cardiomyopathies are important underlying causes of ventricular
arrhythmias and sudden cardiac death. Inherited and acquired
cardiomyopathies, including hypertrophic cardiomyopathy, dilated
cardiomyopathy, and arrhythmogenic cardiomyopathy, are frequently
implicated in cardiac arrest events [18]. Hypertrophic cardiomy-
opathy affects approximately 1 in 500 individuals and represents
one of the most common genetic cardiovascular diseases associated
with sudden cardiac death [19]. Dilated cardiomyopathy is another
major cause of sudden cardiac death and advanced heart failure
worldwide [20]. Risk stratification strategies, including the use of
implantable cardioverter-defibrillators (ICDs), have significantly
reduced sudden death risk in patients with cardiomyopathies [21].
Genetic screening and improved diagnostic imaging have also
enhanced early identification of high-risk individuals with inherited
cardiomyopathies [22].

Our findings demonstrate consistently higher mortality among males
compared with females. This observation is consistent with prior
studies showing that sudden cardiac death occurs more frequently

in men [23]. Biological factors such as hormonal influences, elec-
trophysiological differences, and variations in cardiac ion channel
expression may contribute to sex-specific susceptibility to malignant
arrhythmias [24]. Additionally, men generally have a higher preva-
lence of structural heart disease and ischemic heart disease, which
increases the risk of ventricular arrhythmias and sudden cardiac
death [25]. Nevertheless, improvements in cardiovascular care have
led to declining mortality rates among both sexes over time.

Our study identified substantial racial disparities in cardiac arrest
and cardiomyopathy-related mortality, with NH Black individuals
experiencing the highest mortality rates. Previous research has
demonstrated that Black populations in the United States experience
higher rates of sudden cardiac death and cardiovascular mortality
[26]. Multiple factors likely contribute to these disparities, including
higher prevalence of hypertension, heart failure, and cardiomyopa-
thy in Black populations [26, 27]. Differences in socioeconomic
status, healthcare access, and structural determinants of health
also contribute to disparities in cardiovascular outcomes [27, 28].
Importantly, several studies have demonstrated that Black individuals
experiencing out-of-hospital cardiac arrest are less likely to receive
bystander CPR, which significantly influences survival outcomes
[29].

Age was strongly associated with mortality in our analysis, with
adults aged >65 years demonstrating the highest death rates. Aging
is associated with structural and electrophysiological changes in the
myocardium that increase susceptibility to arrhythmias and sudden
cardiac death [30]. Older adults also have a higher prevalence of
heart failure and cardiomyopathy, which further increases the risk of
cardiac arrest [31]. Comorbidities and frailty may also contribute to
poorer outcomes following cardiac arrest among elderly individuals
[31, 32]. Despite these challenges, improvements in cardiovascular
care have led to declining mortality rates, even among older adults.

Furthermore, analysis of place-of-death data revealed that a sub-
stantial proportion of deaths occurred at home or in out-of-hospital
settings. This pattern may reflect gaps in early recognition of cardiac
events, delays in emergency response, limited access to timely
medical care, or missed opportunities for bystander intervention.
Higher home-based mortality underscores the importance of tar-
geted community education, widespread CPR training, rapid EMS
dispatch, and improved access to preventive care for high-risk
populations.

4.1. Future Directions

Future directions for research on cardiac arrest and cardiomyopathy-
related mortality in the United States should focus on integrating
granular clinical data, including comorbidities, treatment modalities,
and genetic profiles, to better elucidate mechanisms underlying ob-
served disparities. Prospective studies evaluating the impact of early
detection strategies, personalized risk stratification, and targeted
interventions such as widespread use of implantable cardioverter-
defibrillators and community-based CPR training are warranted.
Additionally, research should examine the influence of socioeco-
nomic factors, healthcare access, and regional variations to develop
equitable prevention and management strategies that further reduce
mortality across high-risk populations.

4.2. Strengths

This study has several notable strengths. First, it utilized a large
nationwide mortality database spanning more than two decades,
enabling comprehensive evaluation of long-term epidemiological
trends. Second, the use of age-adjusted mortality rates allowed
accurate comparisons across demographic groups and time periods.
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Third, detailed stratification by sex, race/ethnicity, and age provided
important insights into demographic disparities in cardiac arrest
and cardiomyopathy-related mortality. Finally, the application of
joinpoint regression allowed identification of temporal changes in
mortality patterns and potential shifts in epidemiologic trends.

4.3. Limitations

Several limitations should be considered when interpreting these
findings. First, this analysis relied on death certificate data from the
CDC WONDER database, which may be subject to misclassification
or inaccuracies in cause-of-death reporting. Variability in death-
certificate completion and differences by certifier type (e.g., physi-
cian vs. medical examiner/coroner) could further affect accuracy.
Second, the database lacks detailed clinical information, including
comorbidities, disease severity, and treatment modalities, which lim-
its the ability to explore mechanisms underlying observed mortality
trends. Third, the data do not distinguish between out-of-hospital
and in-hospital cardiac arrest events and may reflect differences
in access to care, emergency response, and missed opportunities
for intervention. Fourth, socioeconomic variables and healthcare
access indicators were unavailable, preventing further investigation
into factors contributing to the observed disparities. Additionally, in
accordance with CDC WONDER data-use policies, cells with fewer
than 10 deaths are suppressed and were excluded from subgroup
analyses; this suppression may introduce bias in smaller demographic
strata and could slightly underestimate mortality rates in certain
subgroups, as well as affect trend estimates in less populous groups.
Finally, as an observational analysis of ecological mortality data,
causal or individual-level inferences cannot be drawn, and temporal
or coding changes over the study period may have influenced trends.

5. Conclusion

Mortality related to cardiac arrest and cardiomyopathy in the United
States declined substantially between 1999 and 2025. Despite these
improvements, significant disparities persist across sex, race, and
age groups. Males and NH Black individuals continue to experience
disproportionately higher mortality rates, and older adults remain
the most affected population. Continued efforts to improve early
identification and management of cardiomyopathies, expand access
to high-quality emergency cardiovascular care, and address structural
health disparities are essential to further reduce mortality and
improve outcomes.
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Tatrogenic diversion of the inferior vena cava (IVC) into the left atrium (LA) is a rare but serious
complication of surgical atrial septal defect (ASD) repair, particularly in inferior or low-lying defects.
When echocardiography is inconclusive, cross-sectional imaging can be critical for diagnosis. A 17-
year-old girl with a history of surgical closure of a low-lying ASD at 15 years of age presented with
exertional dyspnea and mild oxygen desaturation of 90%-94%. Transthoracic echocardiography showed
an intact atrial septal patch. Still, it could not clearly demonstrate the relationship of the inferior vena
cava to the right atrium or assess the inferior margin of the repair. Contrast-enhanced CT angiography
demonstrated direct drainage of the IVC into the LA with exclusion of the IVC orifice from the right
atrium by the atrial septal patch, confirming iatrogenic diversion of the IVC. The patient was referred
for surgical re-exploration and corrective re-repair. However, the details of the revision surgery are
not available. Iatrogenic diversion of the IVC should be suspected in postoperative ASD patients
presenting with unexplained desaturation when echocardiography is inconclusive. CT angiography
provides definitive delineation of caval drainage and patch anatomy, enabling accurate diagnosis. This
case also underscores the importance of careful intraoperative identification of the inferior rim and
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Tatrogenic diversion
Postoperative hypoxemia
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confirmation of IVC drainage during repair of low-lying ASDs to prevent this complication.

1. Introduction

Surgical closure of atrial septal defect (ASD) is a commonly
performed and generally safe procedure. Rarely, iatrogenic diversion
of the inferior vena cava (IVC) into the left atrium (LA) may occur,
particularly when the defect involves the inferior portion of the atrial
septum near the inferior vena cava (IVC) orifice, particularly in
inferiorly located secundum ASDs with a deficient inferior rim or in
IVC-type sinus venosus defects [1, 2]. Although this complication
was more frequent in the pre — cardiopulmonary bypass era due
to limited visualisation and misidentification of the inferior septal
margin — often confusing the Eustachian valve for the true rim — it
continues to be reported in contemporary practice [3].

We report a case of delayed adolescent presentation of iatrogenic
diversion of the IVC into the LA following repair of an inferior ASD,
in which transthoracic echocardiography (TTE) was inconclusive and
contrast-enhanced CT angiography provided a definitive anatomical
diagnosis. This case highlights an important diagnostic pitfall
and emphasizes the role of cross-sectional imaging in evaluating
unexplained hypoxemia following repair of an inferior ASD.
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2. Case Presentation

A 17-year-old girl presented with intermittent exertional dyspnea for
two years. At 15 years of age, she had undergone surgical closure of
a low-lying (inferior) ASD at another institution. Operative records
described a secundum/low-ostium ASD extending toward the IVC,
closed with a pericardial patch. No documentation of intraoperative
transesophageal echocardiography (TEE) assessing caval drainage
was available.

On examination, oxygen saturation on room air ranged from 90%
to 94%. There was no history of cyanosis, clubbing, stroke, or
paradoxical embolism. Growth and development were appropriate
for the age. Cardiac examination revealed normal heart sounds
without murmurs, and there were no signs of heart failure.

Routine laboratory investigations showed a hemoglobin level of 13.8
g/dL, without evidence of significant polycythemia. Electrocardio-
graphy demonstrated a normal sinus rhythm. Chest radiography
showed clear lung fields, a normal cardiothoracic ratio, and no
pulmonary vascular abnormality. TTE revealed an intact atrial septal
patch, normal chamber dimensions, no demonstrable atrial-level
shunt, and normal right-sided pressures. Visualization of the IVC —
RA junction was suboptimal due to limited acoustic windows.

Given persistent hypoxemia and the history of prior inferior ASD
repair, CT angiography was performed to evaluate postoperative
atrial anatomy and caval connections. CT demonstrated IVC is
coursing posteriorly and draining directly into the LA. The atrial
septal patch excluded the IVC orifice from the RA, effectively
diverting systemic venous return into the LA. Pulmonary venous
drainage was normal, and no additional vascular anomalies were
identified. These findings were diagnostic of iatrogenic diversion of
the IVC to the LA, resulting in a right-to-left shunt following surgical
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Figure 1: CT Angiography Axial MPR (Multiplanar Reformation) image- IVC (white arrow) seen opening into left atrium close to opening of right inferior
pulmonary vein (red star). (abbreviation: RA- right atrium, LA- left atrium, RV- right ventricle, LV- left ventricle).

Figure 2: CT Angiography Coronal MPR image- I[VC (white arrow) seen opening into left atrium (LA) close to opening of right inferior pulmonary vein (red

star).

ASD closure (Figure 1-4). Arterial blood gas analysis, contrast
echocardiography, and formal exercise-induced desaturation testing
were not performed prior to cross-sectional imaging.

The patient was referred for surgical re-exploration to allow direct
visualization and definitive correction of the defect. Surgical re-
vision was preferred over transcatheter intervention because the
abnormality involved postoperative anatomical distortion requiring
patch repositioning/baffle reconstruction, which cannot be reliably
addressed with catheter-based techniques.

Also, while awaiting definitive surgical correction, the patient was
counselled regarding the risk of paradoxical embolic events resulting
from systemic venous admixture into the left atrium. Preventive
measures included avoidance of strenuous exertion and dehydration,
careful aspiration of air during intravenous access, using air filters

when feasible, and close clinical monitoring for neurological or
cardiopulmonary symptoms. The patient was maintained under
regular follow-up until surgical re-exploration was undertaken.

3. Discussion

Iatrogenic diversion of the IVC, although rare in the contemporary
surgical era, sporadic cases continue to be reported. The mechanism
usually involves misidentification of the inferior rim of the defect,
particularly in inferiorly located secundum ASDs or IVC-type
sinus venosus defects, where a prominent Eustachian valve may
be mistaken for the true septal margin [1, 2]. Clinical presentation is
variable, ranging from early postoperative cyanosis to delayed man-
ifestations such as exertional dyspnea, hypoxemia, or paradoxical
embolism years later [3-5].
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Figure 3: CT Angiography Sagittal MPR image- IVC (white arrow) seen opening into left atrium (LA) close to opening of right inferior pulmonary vein (red

star).

Echocardiography is the first-line imaging modality, but may be
limited in assessing the IVC — RA junction. In such cases, CT
angiography provides definitive, non-invasive delineation of venous
anatomy and is invaluable for diagnosis and surgical planning [2, 5].
Prevention of this complication relies on meticulous intraoperative
assessment in patients with inferior or low-lying atrial septal defects.
Particular attention should be paid to identifying the true inferior
margin of the defect and distinguishing it from the Eustachian valve,
which may otherwise be mistakenly incorporated into the patch.
Before completing patch closure, the surgeon should confirm that
the inferior vena cava orifice remains unobstructed and drains freely
into the right atrium. In addition, intraoperative transesophageal
echocardiography or direct inspection after patch placement can
help verify appropriate caval drainage before separation from
cardiopulmonary bypass, thereby minimizing the risk of inadvertent
IVC diversion [2, 3].

(Table 1) summarizes the published Reports of Iatrogenic Diversion
of IVC to the Left atrium following ASD closure compared with
the present case. Previously reported cases span both pediatric
and adult populations, with presentations ranging from immediate
postoperative cyanosis to delayed manifestations years after ASD
repair [1-5]. The present case adds to the literature by emphasizing
the technical challenges of repairing low-lying inferior ASDs and the
need for intraoperative verification of the true inferior margin and
appropriate caval drainage before weaning from cardiopulmonary
bypass.

A practical diagnostic approach may be considered in postoperative
patients presenting with unexplained desaturation following repair of
an inferior or low-lying atrial septal defect. Initial evaluation typically
includes TTE; however, visualization of the inferior vena cava —right
atrial junction and postoperative atrial septal anatomy may be limited.

Targeted visualization using TEE may be performed, providing
superior, close-up acoustic windows to inspect the interatrial septum,
evaluate the integrity of the surgical patch or closure device,
and examine the proximal pulmonary veins. Further, physiologic
confirmation may be obtained with an echocardiographic study
using agitated saline (bubble), which may demonstrate shunting.
Also, definitive anatomical evaluation can be performed with cross-
sectional imaging, such as CT angiography or cardiac MRI, to
delineate the IVC pathway, patch/baffle position, and atrial connec-
tions, thereby confirming inadvertent diversion and guiding surgical
correction. Cardiac MRI is preferred when flow quantification,
shunt physiology (Qp/Qs), and ventricular functional assessment are
required in addition to anatomical evaluation. Catheter angiography
is reserved for cases where hemodynamic assessment, confirma-
tion of shunt physiology, or potential transcatheter intervention is
required, or when noninvasive imaging findings remain inconclusive
[6]. A diagnostic algorithm in a postoperative ASD patient with
unexplained hypoxemia, cyanosis, or desaturation is suggested in
the flowchart (Figure 5).

Despite the clear anatomical diversion of the inferior vena cava
into the left atrium, the patient demonstrated only mild resting
desaturation. Similar variable or delayed desaturation in IVC-to-LA
diversion has been reported earlier [1, 3]. This may be explained
by physiologic factors such as preferential streaming of oxygenated
pulmonary venous blood toward the left ventricular inflow and partial
mixing within the atrium, which can limit systemic desaturation
at rest. In addition, the inferior vena cava contributes a smaller
proportion of total venous return compared with the superior
vena cava under resting conditions [7]. However, during exertion,
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Figure 4: CT Angiography Cinematic VRT (Volume Rendering Technique) reconstruction demonstrating the relationship between the surgical patch (yellow
dotted line) and the redirected IVC pathway (white arrow) into the left atrium. (abbreviation: RA- right atrium, LA- left atrium, RV- right ventricle, LV- left

ventricle).

Postoperative ASD patient with unexplained hypoxemia, cyanosis, or desaturation

l

Tansthoracic echocardiography (TTE)
Additionally : - Agitated Saline (Bubble Study) echocardiography
- Transesophageal echocardiography (TEE)

l

|

I Normal study ‘ | Egivocal I

Abnormal study

If required
Management

Definitive anatomical evaluation

] accordingly

| CT Angiography or Cardiac MRI

l

‘ Catheter angiography

Figure 5: Flowchart: Diagnostic algorithm in Postoperative ASD patient

increased venous return from the lower body may augment right-to-
left shunting, thereby explaining the patient’s predominant exertional
dyspnea and desaturation [8].

This report has certain limitations. The exact intraoperative mecha-
nism of the diversion cannot be confirmed because original intraoper-
ative imaging and transesophageal echocardiography documentation
from the index surgery were not available, and the interpretation
relies on the available operative notes together with postoperative
CT findings. Therefore, the proposed mechanism — misidentification

of the inferior rim of the defect or the Eustachian valve during patch
closure — should be considered the most likely explanation. Another
limitation of the case report is that the details of the revision surgery
are not available.

4. Conclusion

Tatrogenic diversion of the IVC to the left atrium is a rare but
important complication following surgical closure of ASD. Clinical
suspicion should be particularly high in patients with a history
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Table 1: Published Reports of latrogenic Diversion of Inferior Vena Cava (IVC) to the Left Atrium Following ASD Closure Compared with

the Present Case (1-5)

S No Study Age Patient / Timing of Presenting Imaging Management Distinctive Feature
Lesion Type Presentation Feature Modality
1 Jain et al., Child Surgically Early Severe cyanosis TTE (with Reoperation Immediate
2012 (NR) repaired ASD  postoperative immediately Doppler and redirecting IVC  recognition after
after repair contrast echocar- to RA surgery
diography)
2 Tayehetal, 5Y Secundum Early Persistent TTE + TEE, CT  Surgical revision Early postoperative
2019 ASD (child) postoperative cyanosis, angiography pediatric presentation
desaturation
3 Kim et al., Adult After ASD Late Dyspnea, TTE, CT Surgical septal Delayed diagnosis of
2021 closure presentation systemic angiography revision R-L shunt
desaturation
4 Darwazah et Adult Prior ASD Delayed (years  Recurrent fetal TEE, CT Surgical Rare obstetric
al., 2022 woman repair later) loss, chronic angiography redirection of presentation
hypoxemia IvC
5 Zhang et al., Mixed Post-ASD Early Persistent TTE, CT Surgical Series highlighting
2025 ages repair (case postoperative hypoxemia angiography correction early detection
series)
6 Presentcase 17Y Low-lying Early Unexplained TTE, CT Corrective Highlights need to
inferior ASD postoperative desaturation angiography surgical revision  confirm inferior rim

planned

and caval drainage

before weaning from
bypass

ASD, atrial septal defect; IVC, inferior vena cava; TTE, transthoracic echocardiography; TEE, transesophageal echocardiography; CT, computed tomography; RA, right atrium; NR,

not reported.

of repair of low-lying or inferior ASDs who develop otherwise
unexplained postoperative desaturation. While echocardiography
remains the initial diagnostic modality, it may occasionally be
inconclusive in delineating abnormal caval drainage. In such cases,
CT angiography provides precise anatomical visualisation of the

IVC pathway and patch configuration, enabling definitive diagnosis.

In the present case, cross-sectional imaging clearly demonstrated
IVC diversion into the left atrium, facilitating appropriate surgical
planning for correction. Beyond the diagnostic aspect, this case
highlights an important operative consideration: during repair of
inferior or low-lying ASDs, meticulous identification of the true
inferior rim and careful avoidance of incorporating the Eustachian
valve into the repair are critical. Postoperative confirmation of
appropriate caval drainage should be considered an essential step in
anatomically challenging inferior ASD repairs to prevent this rare
but significant complication.
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ABSTRACT

Background: Pneumonia and influenza (P&I) may precipitate cardiovascular decompensation, yet
long-term U.S. mortality patterns of P&I co-mention at death among cardiovascular disease (CVD)
deaths are not well described across sociodemographic and geographic strata.

Methods: Using CDC WONDER multiple-cause-of-death data, we identified deaths with CVD as the
underlying cause (ICD-10 100-199) and P&I (JO9-J18) mentioned anywhere on the death certificate. We
calculated crude and age-adjusted mortality rates (AAMR, per 100,000; 2000 U.S. standard), assessed
1999-2023 trends with Joinpoint regression, selected descriptive subgroup and interstate mapping
summaries used 1999-2020.

Results: AAMR declined from 29.58 (1999) to 8.45 (2023) (-71.4%), with joinpoints in 2005, 2009,
and 2019 and a plateau after 2019. Mortality increased with age; adults >85 years accounted for 47.3%
of deaths and the highest crude rate (277.9 per 100,000). In 2023, AAMR was higher in males than in
females (10.69 vs 6.73). Rates were higher in Black than White decedents (10.7 vs 9.5 per 100,000)
and highest in rural areas, with marked interstate heterogeneity.

Conclusions: AAMRs declined during 1999-2023 but plateaued after 2019, with heterogeneity by
age, geography, and race/ethnicity. These descriptive co-mention patterns highlight higher-rate groups
and areas that may warrant prioritization for further investigation and prevention planning; they do not
establish causal pathways or quantify the impact of structural determinants.

1. Introduction

Cardiovascular disease (CVD) remains the leading cause of death
in the United States, making any common trigger of acute car-
diovascular decompensation a major public-health concern [1].
Seasonal influenza activity has become increasingly sharp every year
during the U.S. fall-winter period, resulting in predictable surges in
respiratory diseases that may coincide at the population level with
periods of increased acute cardiovascular events [2]. Beyond typical
respiratory deaths, influenza-attributable mortality based on U.S.
death certificates demonstrates substantial year-to-year variability
and a disproportionate burden among older adults [3]. However,
death-certificate multiple-cause coding in this study captures only
co-mention at death and cannot establish infection timing, triggering,
or attributable risk.

There is epidemiologic evidence supporting influenza as a short-
term cardiovascular trigger, and a national observational study found
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a higher incidence of acute myocardial infarction (AMI) during
weeks with greater influenza activity, even after adjustment for
meteorological effects [4]. Mechanistically, influenza may amplify
systemic inflammation and coagulation signalling, thereby pro-
moting endothelial dysfunction and plaque instability, potentially
elevating thrombosis-related morbidity such as AMI and stroke [5].
Pneumonia shows a parallel cardiovascular footprint: a systematic
review and meta-analysis discovered that cardiac complications are
frequent in community-acquired pneumonia and are associated with
worse outcomes [6]. Consistent with this, a large prospective cohort
of hospitalized community-acquired pneumonia patients reported
frequent in-hospital acute cardiovascular events and increased short-
term mortality among those who developed such complications [7].
Accordingly, we cite the triggering-events literature for biological
plausibility, but interpret our findings as descriptive co-recording
of pneumonia/influenza among CVD underlying-cause deaths, not
proof of causal triggering.

Because fatal illnesses are often associated with interacting condi-
tions, analyses restricted to a single cause can undercount deaths in
which influenza or pneumonia was an important contributive factor in
cardiovascular deterioration [8]. The explicit fact of multiple-cause-
of-death coding includes any mention of a contributing condition
(up to 20 causes on a specific certificate) to achieve a more realistic
determination of co-occurring respiratory infection and co-occurring
CVD at death. This approach is widely used in modern burden
estimations; for example, large-scale U.S. death certificate analysis
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has been used to quantify the number of influenza-related deaths
over a wide time span [3].

Disparities also matter: U.S. surveillance analyses have documented
racial and ethnic differences in the morbidity associated with severe
influenza, including hospitalization, ICU admissions, and in-hospital
death across multiple seasons [9]. At the mortality level, geographic
variation in racial disparity of influenza and pneumonia has been
demonstrated across U.S. regions and urbanization strata, illustrating
that there is no even distribution of risk [10]. Regarding pneumonia
mortality in general, many recent reports in the U.S. show consistent
differences by sex, race, and rurality, which confirms the possibility
of structural and access-related contributors to unequal outcomes

[11].

Although there is biological plausibility and growing evidence link-
ing influenza and pneumonia to cardiovascular events and adverse
outcomes, long-horizon descriptions of how often these conditions
co-occur on death certificates — and how that pattern varies over time,
by age, race/ethnicity, and state — remain fragmented. Although prior
U.S. work has described influenza- and pneumonia-related mortality
trends using death certificates, key gaps remain in characterizing
how P&I are co-recorded with cardiovascular mortality across
time and place. Specifically, it is not well described (i) whether
the long-term declines in P&I co-mentions among CVD deaths
changed after 2019 (including potential plateauing), (ii) how patterns
vary simultaneously by age, race/ethnicity, urbanization, and state.
We therefore aimed to describe annual trends and subgroup/state
gradients of U.S. death certificates in which P&I co-occur with CVD
characterize recent trend changes. We focused the primary analysis
on deaths with CVD as the underlying cause and P&I recorded
anywhere on the death certificate to anchor inference to the burden of
CVD mortality with concurrent respiratory infection conditions. This
objective is conceptually distinct from studying primary respiratory
mortality (P&I as the underlying cause), where CVD may be listed
incidentally as a comorbidity.

2. Methods

2.1. Study Design and Data Source

This retrospective, population-based study analyzed U.S. nationwide
mortality data from 1999 — 2023 from the CDC WONDER Multiple
Cause of Death database that is derived from the National Vital
Statistics System, which includes all conditions reported on death
certificates and therefore allows for determining deaths in which
an influenza or pneumonia co-occurred with CVD, independent of
the underlying cause of death designation. All crude and AAMRs
used general population denominators (U.S. resident population) and
therefore represent population mortality rates of CVD underlying-
cause deaths with P&I mentioned on the death certificate, rather
than mortality rates among a cohort of individuals living with
diagnosed CVD. To enable reproducibility, the exact CDC WON-
DER extraction specification (request type, years, ICD-10 filters,
groupings, and output options) is provided in the Supplement. Briefly,
we used the CDC WONDER Multiple Cause of Death (Detailed
Mortality) request to obtain annual counts and rates, applying the
ICD-10 filters described below and grouping by year and the relevant
stratifying variables (sex, race/ethnicity, urbanization, and state).
CDC WONDER suppression rules were respected: cells suppressed
for confidentiality (small counts) were treated as missing (not zero),
and strata with suppressed/unstable estimates were not interpreted;
where suppression affected rate calculations or mapping stability, the
affected strata were excluded from those specific comparisons and
flagged in the corresponding tables/figures. The final 1999 — 2023

analytic series was assembled from two separate CDC WONDER
extracts: one covering 1999 — 2020 and a second covering 2018 —
2023. For the three overlapping calendar years (2018 — 2020), annual
death counts and age-adjusted mortality rates from both extracts were
cross-checked prior to constructing the final series; counts and rates
for each overlapping year matched exactly across the two extractions,
and no discontinuity or artificial inflection was identified at the merge
point.

CDC WONDER suppresses cells with deaths <10; however, in our
extracted annual series none of the analytic strata-years met the
suppression threshold for the time-series analyses, so no values were
suppressed in the joinpoint. An exception is Table 1, where a small
number of ‘Unknown/Not stated’ records were excluded from the
displayed subgroup rows (per WONDER’s output categories), which
is why section totals may not fully reconcile.

Place of death was obtained from the CDC WONDER Multiple
Cause of Death “Place of Death” variable and is reported as counts
and percentages (rates not applicable). Categories included inpatient,
outpatient/ER, dead on arrival, status unknown (1999 — 2002 only),
home, hospice (2003+), nursing home/long-term care, other, and
unknown. Percentages used the total deaths shown in the table as
the denominator, with “other” and “unknown” included.

2.2. Case Definition

This study included all deaths in the United States with CVD as
the underlying cause of death. We defined the outcome as deaths
with CVD as the underlying cause of death (ICD-10 100 — 199) and
pneumonia and/or influenza (P&I; ICD-10 JO9 — J18) mentioned
anywhere on the death certificate among multiple causes of death
(i.e., a co-mention, not a causal attribution). A death was included
if influenza or pneumonia was mentioned anywhere on the death
certificate, as a contributing cause in conjunction with a cardiovas-
cular diagnosis. Analyses were restricted to decedents aged >15
years. Deaths among individuals <15 years were excluded because
CVD is rare in childhood, and small cell counts in younger age strata
are frequently suppressed in CDC WONDER for confidentiality.
All totals and percentages reported in age-stratified analyses reflect
inclusion of decedents aged 15 years and older only.

2.3. Outcome Measures

The main outcome was the age-adjusted mortality rate (AAMR),
which was expressed per 100,000 people. Age adjustment was done
under the direct standardization method with the 2000 U.S. standard
population as the reference. The rates of mortality were estimated in
the general population and stratified by sex, race/ethnicity, and urban-
ization level. Place of death was summarized descriptively (counts
and percentages) using the CDC WONDER ‘Place of Death’ variable
from death certificates. For between-group comparisons (e.g., sex,
race/ethnicity, urbanization, and state), we used age-adjusted rates
throughout; crude rates were reserved only for within-age-band
descriptions (i.e., age-specific rates) and are explicitly labeled as
such when presented. Descriptive subgroup analyses, including age-
group summaries, place of death, urbanization gradients, and state-
level choropleth maps, were restricted to 1999 — 2020 due to CDC
WONDER suppression and instability in small cells across certain
subgroup cross-tabulations in more recent years; these analyses are
therefore presented as pre-pandemic historical summaries and should
not be interpreted as reflecting the contemporary post-pandemic
context described in the full 1999 — 2023 trend analyses. The COVID-
19 pandemic and post-pandemic period (2020 onward) may have
materially altered care-setting patterns, geographic distributions,
and subgroup disparities; readers should exercise caution when
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extrapolating the 1999 — 2020 descriptive findings to the current
period.

2.4. Temporal and Geographic Analyses

Temporal trends in AAMRs were measured using joinpoint re-
gression with the National Cancer Institute Joinpoint Regression
Program. The log-transformed rates in mortality were modeled in
order to determine statistically significant inflections over time,
corresponding to changes in trend direction or magnitude. The
annual percent change (APC) was estimated for each of the identified
segments, and the average annual percent change (AAPC) across
the full study period. The maximum number of joinpoints was four,
and the selection of the model was based on using the permutation
tests. The statistical significance was evaluated by having a two-
sided alpha level of 0.05, and all estimates were presented with the
95% confidence intervals (CI). Within-year (monthly or seasonal)
variation in AAMRs was not evaluated in this study.

Geographic strata in CDC WONDER reflect the decedent’s legal
place of residence at the time of death (state and county of residence),
not the county of occurrence. Urbanization level was obtained from
the CDC WONDER Multiple Cause of Death dataset “Urbanization”
variable, which assigns each death to an NCHS urban —rural category
based on the decedent’s county of residence (Large Central Metro,
Large Fringe Metro, Medium Metro, Small Metro, Micropolitan,
and Noncore). Place of death was analyzed separately using death-
certificate place-of-death categories and should not be interpreted
as a residence-based measure. Records with missing/unknown
residence geography (and therefore unassigned urbanization) were
excluded from geography- and urbanization-stratified tabulations,
but were retained in national-level totals.

Geographic variation in mortality rates of CVD as the underlying
cause and P&I mentioned as contributing causes was examined
using state-level age-adjusted mortality rates. These rates in the
mortality burden throughout the U.S. were visualized using choro-
pleth maps. Where mapping stability was a concern (e.g., small
counts/suppression), we applied stability rules described in the
Supplementary Methods and avoided interpretation of unstable
strata; maps are labeled consistently as age-adjusted and based
on residence state. Reproducible techniques were used for all data
representation and computational workflows.

2.5. Statistical Analysis and Ethics

All mortality rates were expressed per 100,000 population. Using
reproducible computational workflows, statistical analyses, and data
visualization, while Joinpoint analyses were performed using the
National Cancer Institute Joinpoint software. Subgroup-specific
descriptive summaries (e.g., sex, race/ethnicity, urbanization, and
place of death) were derived from CDC WONDER tabulations that
exclude records with missing or unknown values for the stratifying
variable. Therefore, subgroup totals may not equal the overall
national death count because records with unknown or suppressed
characteristics are omitted from those stratified tabulations. All
subgroup percentages are calculated using the total number of
deaths available within each stratified extraction as the denominator.
Race/ethnicity on death certificates is subject to misclassification
(notably for American Indian/Alaska Native and Native Hawai-
ian/Other Pacific Islander decedents) and may be affected by changes
in coding/bridging practices over time; because CDC WONDER
provides aggregated tabulations, no individual-level mitigation was
possible, and we interpret disparity estimates with this limitation in
mind. The present research involved publicly available, de-identified
data; therefore, it did not require informed consent or approval from
the institutional review board (IRB).

3. Results

3.1. Crude mortality rates by age group

In the U.S., between 1999 and 2023, 772,865 deaths were identified
from the U.S. death certificates in which CVD was listed as the
underlying cause of death and P&I was listed as a contributing
cause of death, with an absolute decrease of 21.13 per 100,000 and
71.4% relative reduction in the AAMR between 1999 and 2023
(29.58 and 8.45, respectively). Unless otherwise specified, temporal
trend analyses. Among decedents aged >15 years, crude mortality
in age-stratified descriptive analyses (1999 — 2020) increased steeply
with age. Age-stratified crude-rate summaries are shown for 1999
— 2020 because WONDER suppression/instability in small cells
(particularly in younger strata and some subgroup cross-tabulations)
limited stable tabulation of certain descriptive strata through 2023;
the full-period (1999 — 2023) trend analyses remain based on annual
AAMRs.

The lowest rate of crude mortality was noted among persons aged
15 — 24 years (0.1 per 100,000; 696 deaths, 0.1%), and the highest
count of crude mortality was found among persons aged 85 years
and over (277.9 per 100,000; 332,093 deaths, 47.3%). Another
significant burden was noticed among adults aged between 75 — 84
years (216,833 deaths, 30.9%; 72.6 per 100,000), which shows that
the majority of CVD underlying-cause deaths with P&I mentioned
on the death certificate concentrated in older age groups (Figure 1).

3.2. Age-adjusted mortality by sex, race, and ethnicity

In 2023, the male AAMR was 10.69 per 100,000 compared to
6.73 per 100,000 in females (1999: 37.21 vs 24.97 per 100,000,
respectively). In descriptive summaries (1999 — 2020), female deaths
were 365,859 (51.9%) and a rate of 8.1 per 100,000, while male
deaths were 339,161 (48.1%) with a higher rate of 11.8 per 100,000
(Table 1). All between-group comparisons reported as “#/100,000”
reflect age-adjusted rates (AAMRSs); crude rates are presented only
for within-age-band descriptions (Figure 1) and age-group rows in
(Table 1).

Racial/ethnic distributions (1999 — 2020 descriptive summaries)
showed that the largest number of deaths in the country were
White decedents (613,213 deaths, 87.0%; 9.5 per 100,000). Black
or African American decedents had a higher mortality rate (10.7
per 100,000) with 69,456 deaths (9.9%). Asian or Pacific Islander
decedents accounted for 19,078 deaths (2.7%; 7.4 per 100,000), and
American Indian or Alaska Native decedents accounted for 3,273
deaths (0.5%; 7.3 per 100,000). By Hispanic origin (1999 — 2020
descriptive summaries), Hispanic or Latino decedents accounted
for 39,443 deaths (5.6%; 8.0 per 100,000), while non-Hispanic
decedents accounted for 663,895 deaths (94.4%; 9.7 per 100,000)
(Table 1). To prevent false precision, 95% Cls (or stability flags
where applicable) for subgroup AAMRs, and strata affected by
WONDER suppression/instability are explicitly flagged and not
over-interpreted.

3.3. Place of death

During 1999 — 2020, the majority of CVD underlying-cause deaths
with P&I mentioned on the death certificate took place in inpatient
medical facilities (419,228 deaths, 59.6%). A large percentage was
in the nursing homes/long-term care facilities (178,070 deaths,
25.3%), and 7.1% was at the decedent’s home (50,162 deaths). Fewer
were found in the hospice facilities (2.4%) or outpatient/emergency
departments (3.2%).
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Figure 1: Crude mortality rates for CVD underlying-cause deaths with P&I mentioned on the death certificate, by age group (1999-2020).

Pneumonia and Influenza-associated CVD Mortality
stratified by Urbanization Level
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Age Adjusted Mortality Rate per 100,000

Figure 2: AAMRs of CVD underlying-cause deaths with P&I mentioned on the death certificate in the United States, stratified by urbanization level,

1999-2020.

3.4. Geographic and urbanization-level variation

Urbanization studies (1999 — 2020 descriptive summaries) found that
the mortality rates were higher in nonmetropolitan areas. AAMR was
highest in noncore (nonmetro) areas (11.8 per 100,000), followed
by micropolitan (10.9), large fringe metropolitan (8.8), intermediate
values in large central metro (9.7), medium metro (8.9), and small
metro (9.3) areas (Figure 2). State-level age-adjusted mortality
rates (AAMR; 1999 — 2020) demonstrated pronounced geographic
heterogeneity. Specifically, AAMR ranged from 7.61 per 100,000
in Arizona (lowest) to 17.71 per 100,000 in West Virginia (highest),
underscoring substantial interstate variation in CVD deaths with
P&l listed as contributing causes (Figure 3).

3.5. Overall temporal trends (joinpoint regression)

Joinpoint regression identified three inflection points (2005, 2009,
2019) and four segments: there was a significant drop in mortality
in 1999 — 2005 (APC -6.18%, 95% CI -6.97 to -5.38; p<0.000001),
followed by an even sharper decline in 2005 — 2009 (APC -
10.84%, 95% CI -13.48 to -8.11; p<0.000001), a continuation of
this downward trend in 2009 — 2019 (APC -3.72%, 95% CI -4.32 to
-3.12; p<0.000001), and a flattening with no statistically significant
change of the trend in 2019 — 2023 (APC +0.10%, 95% CI -2.10

to +2.36; p=0.922. The AAPC over the entire duration was -4.94%
(95% CI: -5.56 to -4.32; p<0.000001) (Figure 4).

3.6. Sex-specific trends

Sex-stratified joinpoint models showed that the patterns were largely
similar, with early decline and more recent attenuation; AAMR
declined significantly among females in 1999 — 2005 (APC -6.27%),
2005 — 2009 (APC -10.80%), and 2009 — 2019 (APC -4.10%), and
then did not change significantly in 2019 — 2023 (APC -0.64%,
p=0.612), while mortality declined significantly among males in
1999 — 2005 (APC -6.26%), 2005 — 2009 (APC -10.92%), and 2009
—2017 (APC -4.00%), and then did not change significantly in 2017
—2023 (APC -0.70%, p=0.345); AAPC was significantly negative
for both females (-5.23%) and males (-4.95%) for the entire period
(Figure 5).

3.7. Race-specific time trends

All of the racial/ethnic groups showed statistically significant long-
term decline during 1999 — 2023, which were represented by signif-
icant full-period AAPCs: American Indian/Alaska Native -5.42%,
Asian/Pacific Islander -6.05%, Black or African American -4.58%,
White -4.97%, and Hispanic or Latino -5.14% (all p<0.000001).
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Age-Adjusted Mortality Rate (AAMR)
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Source: CDC WOUNDER - Created with Datawrapper

Figure 3: State-Level Geographic Variation in AAMRs of CVD Underlying-Cause of Deaths with Pneumonia and Influenza Mentioned on the Death Certificate,
United States (1999-2020).
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Figure 4: Joinpoint regression of overall AAMR for CVD underlying-cause deaths with P&I mentioned on the death certificate per 100,000 population,
United States, 1999-2023.

However, trend patterns varied by group. The mortality of Asian/Pacific  continued but slower significant decline between 2014-2023 (APC
Islanders declined sharply from 1999 — 2015 (APC: -7.54%), then -1.53%, p=0.0436). Mortality of Blacks or African Americans was
continued to decline during 2015 — 2023 (APC: -3.00%, p=0.0013). characterized by several periods of significant decrease until 2018,
White mortality improved considerably until the year 2019 (1999 then a non-significant increase from 2018 — 2021 (APC +6.52%,
— 2005 APC -6.20%; 2005-2009 APC -10.92%; 2009 — 2019 p=0.145), followed by a non-significant decline from 2021 — 2023
APC -3.68%) and then plateaued without significant change in (APC -6.39%, p=0.124), which indicates late-period instability in
2019 — 2023 (APC -0.07%, p=0.952). Hispanic or Latino mortality the trend estimates (Figure 6).

declined significantly between 1999 — 2014 (APC -7.25%) with a
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Table 1: Distribution of Deaths with CVD as the underlying cause and P&I mentioned as contributing causes by demographic and contextual

characteristics, United States, 1999-2020

Characteristics Category

Ten-Year Age Groups 15-24 years
25-34 years
35-44 years
45-54 years
55-64 years
65-74 years
75-84 years
85+ years
Sex Female
Male
Race American Indian or Alaska Native
Asian or Pacific Islander
Black or African American
White
Hispanic Origin Hispanic or Latino
Not Hispanic or Latino
Urbanization Large Central Metro
Large Fringe Metro
Medium Metro
Small Metro
Micropolitan (Nonmetro)
NonCore (Nonmetro)
Place of Death Medical Facility - Inpatient

Medical Facility - Outpatient or
ER

Medical Facility - Dead on Arrival
Medical Facility - Status unknown
Decedent’s home

Hospice facility

Nursing home/long-term care
Other

Place of death unknown

Deaths % of Total Deaths Rate per 100,000
696 0.10% 0.1
1988 0.30% 0.2
5493 0.80% 0.6

16121 2.30% 1.7

39205 5.60% 5.1

90084 12.80% 17.6

216833 30.90% 72.6

332093 47.30% 277.9

365859 51.90% 8.1

339161 48.10% 11.8
3273 0.50% 7.3

19078 2.70% 7.4

69456 9.90% 10.7

613213 87.00% 9.5

39443 5.60% 8

663895 94.40% 9.7

196023 27.90% 9.7

152245 21.60% 8.8

139708 19.90% 8.9

67706 9.60% 9.3

79358 11.30% 10.9

68298 9.70% 11.8
419243 59.60% =
22431 3.20% -
1478 0.20% =
974 0.10% -
50187 7.10% -
16649 2.40% -
177711 25.30% =
13087 1.90% -
1578 0.20% -

AAMRs, age-adjusted mortality rates. Rates (#) are AAMRs, except for age groups, which reflect crude mortality rates. Age-stratified analyses were restricted to decedents aged >15
years. Urbanization reflects the NCHS urban-rural classification of the decedent’s county of residence. Place of death is from the CDC WONDER “Place of Death” variable and is
reported as counts and percentages (no rates). Note: Totals within sections may not equal the overall total because CDC WONDER may suppress small cells and/or code records as
“Unknown/Not stated,” and these categories are not always displayed as separate rows. Thus, percentages within each section use the section-specific denominator
(non-missing/non-suppressed records for that characteristic, unless an “Unknown/Other” row is shown).

4. Discussion

This was a population-based retrospective study using the CDC
WONDER Multiple Cause of Death database to evaluate U.S.
national mortality trends from 1999 — 2023, defining CVD as the
underlying cause of death (ICD-10 100 — 199) with P&I listed as
a contributing cause (ICD-10 JO9 — J18). Over the entire period,
772,865 deaths were certified, with a general downward trend in age-
adjusted mortality, which declined from 29.58 to 8.45 per 100,000 (a

71.4% decrease). The trend, however, reached its lowest point in 2019
and flattened during 2019 — 2023, with higher rates in 2020 — 2022,
followed by a return to the 2019 level in 2023. Such findings are
important, as descriptive co-mention patterns on death certificates:
while respiratory infections can trigger sudden cardiovascular events
[12], this study does not confirm infection timing or causal triggering
and instead identifies groups/periods in which P&I and CVD are
co-recorded at death. The recent attenuation/plateau suggests that
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Figure 5: Sex-stratified joinpoint regression of AAMRs for CVD underlying-cause deaths with P&I mentioned on the death certificate per 100,000 population,

United States, 1999-2023.
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Figure 6: Joinpoint regression of AAMR for CVD underlying-cause deaths with P&I mentioned on the death certificate per 100,000 population, stratified by

race/ethnicity, United States, 1999-2023.

some high-risk groups may still be missing effective prevention and
care, but alternative explanations should also be considered.

The steep drop between 1999 and the mid-2000s, and the subsequent
improvement through 2019, are likely due to broader developments
in cardiovascular prevention and care in the United States. The
mortality burden of CVD may have been decreased during this
period by population-level improvements in blood pressure and
cholesterol, smoking cessation, and emergency and hospital care
of heart attacks and stroke. Meanwhile, improved prevention and

treatment of respiratory diseases, such as seasonal influenza and

pneumococcal immunization in the elderly and persons with chronic
illness, could have helped reduce heart stress due to infections [13].

To our knowledge, no prior study has comprehensively examined
these long-term national patterns and disparities in CVD underlying-
cause deaths with P&I mentioned on the death certificate. Kwong
et al. demonstrated a sharp short-term increase in acute myocardial
infarction after laboratory-confirmed influenza, supporting influenza
as an acute cardiovascular trigger. However, that design is more
concerned with a short-term post-infection risk period and clinical
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events, not with national patterns of multiple causes of death, long-
term trend variations, and geographical/urbanization disparities
in deaths in which P&I co-occur with CVD as the underlying
cause of death [14]. Likewise, Corrales-Medina et al. found higher
short- and long-term risk of incident cardiovascular disease after
pneumonia hospitalization in community-based cohorts. However,
this approach cannot quantify the frequency of pneumonia/influenza
that is recorded as a contributing condition in cardiovascular deaths
at the population level, nor can it capture nationwide disparities by
race/ethnicity and state, or changes in this pattern since 2019 [15].

One important result is that the previous improvement did not persist
after 2019. Many different reasons could explain it. To begin with,
the COVID-19 pandemic (2020 — 2022) disrupted routine health
care, including preventive appointments and early treatment of acute
manifestations, which could have provided an additional opportunity
to prevent the emergence of infection and cardiovascular issues in
the later stages. Second, a combination of long-term increases in the
cardiometabolic risk factors (obesity, diabetes, and hypertension)
can predispose people to more severe outcomes if they are diagnosed
with pneumonia or influenza [16, 17]. Third, mortality patterns
might also be influenced by changes in the population exposed
and by the severity of respiratory infections, in direct proportion to
some settings (such as long-term care facilities). Since the data are
based on death certificate coding, there is no record of what factor
caused the plateau, but it should be a focus of follow-up research
and societal action. In addition, the apparent post-2019 plateau
may partly reflect measurement threats, including pandemic-era
documentation and coding changes, competing causes (e.g., COVID-
19) affecting what is recorded on death certificates, and potential
shifts in underlying-cause assignment practices; these factors could
bias observed trends independent of true incidence and should be
considered when interpreting late-period segmentation.

In 2023, the AAMR was 10.69 per 100,000 in males compared
with 6.73 per 100,000 in females (1999: 37.21 vs 24.97 per
100,000, respectively). This male excess in co-mention mortality
persisted across the full study period. The observed sex differential is
consistent with higher baseline CVD prevalence in men, differences
in health behaviors, and differences in preventive care utilization
[18-20]. However, this descriptive design cannot adjudicate these
mechanisms. Males constitute a higher-rate group that may warrant
prioritization in further epidemiologic investigation of P&I and CVD
co-occurrence.

Descriptive analyses (1999 — 2020) showed that Black or African
American decedents had a higher AAMR (10.7 per 100,000)
than White decedents (9.5 per 100,000), despite White decedents
constituting the numerically larger group. Joinpoint regression
identified late-period instability in Black mortality trends after
2018, with non-significant APC fluctuations of +6.52% and -6.39%;
these should be interpreted cautiously, as they may reflect small-
number instability and pandemic-era coding disruptions rather
than a confirmed trend reversal. These racial/ethnic gradients
are hypothesis-generating within this descriptive framework and
cannot be attributed to specific structural or clinical mechanisms;
death-certificate race/ethnicity is also subject to misclassification.
Prior literature has identified differential access to cardiovascular
preventive services and differences in cardiometabolic comorbidity
burden as plausible contributors [21, 22], but causal inference is not
possible from this design.

Mortality was highest in noncore (nonmetropolitan) areas (AAMR
11.8 per 100,000) and lowest in large fringe metropolitan areas (8.8
per 100,000). State-level rates ranged from 7.61 per 100,000 in
Arizona to 17.71 per 100,000 in West Virginia during 1999 — 2020.

Because these geographic and urbanization analyses are restricted
to the pre-pandemic period, the COVID-19 pandemic and its after-
math may have materially altered care-setting patterns, geographic
distributions of mortality, and interstate disparities; these findings
should therefore be interpreted as pre-2021 historical context rather
than as current estimates of disparities. These geographic gradients
are consistent with prior evidence of higher cardiovascular mortality
in rural areas [23, 24] and are presented as descriptive patterns;
crude-rate mapping without covariate adjustment precludes causal
inference, and these gradients should be evaluated in follow-up
analyses incorporating age-adjusted comparisons with additional
ecological covariates.

As anticipated, death rates sharply increased with age. The crude
mortality was greatest in adults aged 85 years and above, accounting
for almost half of the total number of deaths in the descriptive
analysis. This may reflect increased comorbidity burden, reduced
immune response, and increased exposure in the long-term care
setting [15, 25]. A majority of the deaths occurred in inpatient
medical facilities, and approximately a quarter in nursing homes or
long-term care facilities. These place-of-death patterns are drawn
from the 1999 — 2020 descriptive period; the pandemic era is known
to have substantially shifted care settings (e.g., increased home
and hospice deaths), so these figures should be treated as pre-2021
historical context rather than reflections of current patterns.

On a mechanistic level, the following pathways are provided as
context from prior literature and are not adjudicated by death-
certificate co-mention data. On a mechanistic level, the contem-
porary cardiology surveys synthesize the potential of influenza to
trigger cardiovascular events by direct cardiac infection, endothelial
maladaptation resulting in plaque destabilization and rupture, and
systemic mechanisms (hypoxemia, inflammation) that elevate the
metabolic load, biomechanical load and hypercoagulability thereby
increasing the likelihood that an individual with vulnerable coronary
or cerebrovascular disease will move past a clinical endpoint (myocar-
dial infarction, stroke, acute heart failure) during and immediately
after infection [26].

In the case of pneumonia, cohort data of large size show that
hospitalization for pneumonia is a predictor of short-term and
long-term risk of CVD, supporting pneumonia as a clinically
relevant risk factor. For instance, the physiologic triad: Hypoxemia
+ tachycardia/fever + hypotension or adrenergic surge may result
in supply-demand mismatch (type 2 myocardial infarction) and
exacerbate cardiac failure by increasing afterload/volume changes,
as well as trigger ventricular dysfunction due to ischemia in patients
with limited cardiac reserve [26, 27].

Simultaneously, systemic inflammation facilitates endothelial activa-
tion and a prothrombotic state (e.g., heightened coagulation activity
and microvascular dysfunction), which offers a pathway between
respiratory infection and coronary thrombosis or microvascular
ischemia despite the absence of the typical plaque rupture, and
these vascular-inflammatory changes are commonly featured in
surveys of the cardiovascular complications of influenza [12].
Pneumonia is also highly arrhythmogenic; population data reveal
that new-onset atrial fibrillation (AF) after community-acquired
pneumonia is associated with increased thromboembolic risk and is
not necessarily transient (significant recurrence during follow-up),
which is clinically significant because there is another infection-
mediated pathway to cardiovascular mortality, AF-related embolic
stroke risk [28].

Sepsis-induced cardiomyopathy, where cardiac dysfunction is medi-
ated by a cascade of dysregulated inflammatory mediators, oxidative
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stress, mitochondrial dysfunction, calcium-handling imbalance,
autonomic disruption, and endothelial dysfunction is another signifi-
cant contributor, particularly in the presence of severe pneumonia
with sepsis physiology; this may manifest as reversible global
systolic/diastolic depression, and may have a synergistic effect with
underlying CVD to increase the risk of short-term mortality [29].

Critically, the long term risk of pneumonia has biologic evidence,
although after apparent clinical recovery, a significant percent-
age of patients are still discharged with evidence of subclinical
inflammation, and increased levels of IL-6 and IL-10 which are
positively related to subsequent mortality, high IL-6 is specifically
related to CVD-related death (among other causes); this supports
the hypothesis that the unresolved systemic inflammation is a cause
of subsequent mortality and death after a CVD event [30].

Although the mechanistic literature identifies infection-mediated
pathways, conventional cardiometabolic risk factors — hypertension,
diabetes, and chronic kidney disease — are prevalent among CVD
decedents and constitute relevant background for interpreting co-
mention patterns. This study cannot quantify the relative contribution
of these factors to the observed rates, nor can it evaluate the effect
of any specific preventive strategy; such questions require designs
with individual-level covariate data and intervention follow-up.

Several limitations warrant consideration. First, death certificate data
lack critical individual-level information (e.g., smoking status, body
mass index, vaccination status, and medication use), limiting con-
founding control. Second, cause-of-death coding is imperfect; P&I
may be underreported or misclassified on death certificates. Third,
as a population-level observational analysis based on co-mentions
on death certificates, the study cannot demonstrate that pneumonia
or influenza induced particular cardiovascular deaths. Nevertheless,
major strengths include the long study period (1999 — 2023) and
complete national coverage, enabling robust characterization of long-
term trends and subgroup and state-level disparities. Additionally,
because analyses were conducted at the annual level, this study does
not evaluate within-year seasonal variation in mortality.

Overall, U.S. mortality of CVD underlying-cause deaths with
P&I mentioned on the death certificate decreased strongly in the
period between 1999 and 2019 but was followed by a plateau
in 2019 — 2023, with a slight increase observed in 2020 — 2022.
Older adults, males, nonmetropolitan, and selected racial/ethnic
groups continued to have a higher mortality rate. These results
describe co-mention patterns in CVD underlying-cause deaths and
identify higher-rate groups/areas for prioritization of prevention
planning and further investigation, while recognizing measurement
limitations and alternative explanations for late-period trends. These
results justify reinforcing cardiovascular prevention and infection
prevention strategies as components of heart-health approaches,
in particular among older adults and individuals with established
CVD. These descriptive patterns suggest areas for prioritization
in prevention planning and future research to connect mortality
with patient-specific clinical data (vaccination, comorbidities) and
the effectiveness of access to short- and long-term care with the
environment, and test interventions that may decrease the post-
infection cardiovascular complications.

5. Conclusion

This comprehensive 25-year analysis describes mortality trends in
CVD underlying-cause deaths with P&I mentioned on the death
certificate in the United States. The findings demonstrate a marked
reduction in deaths, with overall AAMR declining by nearly 5% per
year from 1999 to 2023. A recent stabilization in mortality rates was

observed in the late period, which descriptively identifies a potential
plateau and highlights high-rate groups/areas that may warrant
prioritization for further investigation and prevention planning. Both
males and females have benefited from improvements, with females
showing a greater decline. However, some disparities across racial
and ethnic groups persist, with non-Hispanic Black or African
American populations showing the smallest overall decline and
greater late-period uncertainty/volatility in trend estimates.

These observed differences should be interpreted cautiously, as
they may reflect variation in death-certificate coding practices,
suppression/instability in small strata, pandemic-era documentation
changes, and unmeasured structural confounding that cannot be
addressed in this descriptive design. Future research should evaluate
plausible mechanisms using designs that can better adjudicate
timing and causality, rather than inferring triggering pathways
from co-mention data. Ultimately, our findings provide descriptive
surveillance of co-mention patterns over time and geography and
should be used to motivate and prioritize confirmatory epidemiologic
and health-systems research rather than to claim intervention effects.
Next-step analyses will include separating influenza (JO9 —J11) from
pneumonia (J12 — J18), stratifying by CVD subtypes (e.g., ischemic
heart disease, stroke, heart failure).
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