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A B S T R A C T

Background: The coexistence of heart failure (HF) and mitral regurgitation (MR) contributes
substantially to cardiovascular mortality in the United States.
Methods: We analyzed CDC WONDER multiple-cause-of-death data (1999–2024) for U.S. adults with
MR listed as the underlying cause of death and HF as a contributing cause. We standardized age-adjusted
mortality rates (AAMRs) per 100,000 to the 2000 U.S. standard population. Joinpoint regression
estimated annual percentage changes (APCs) and average annual percentage changes (AAPCs).
Results: Among 48,128 deaths, AAMR declined significantly from 1.11 in 1999 to 0.72 in 2024 (AAPC:
−1.60; 95% CI: −1.92 to −1.28). Mortality was higher among females than males (average AAMR:
0.83 vs 0.74). NH White adults had the highest mortality (0.86), whereas Hispanic or Latino individuals
had the lowest (0.47). Older adults had the greatest burden (3.95). Rural mortality exceeded urban
mortality (0.87 vs 0.84) through 2020. The West reported the highest regional average AAMR (1.03);
Oregon and Louisiana recorded the highest and lowest state-level mean annual AAMRs, respectively
(1.67 and 0.51).
Conclusions: Mortality showed a biphasic pattern, declining significantly from 1999–2012 (APC:
−3.29; p<0.001), followed by a non-significant increase through 2024 (APC: 0.26; p=0.319). Burdens
were higher among females, older adults, rural populations, NH White individuals, and western residents.
NH Black adults showed a significant increase after 2013 (APC: +3.10; p<0.001), suggesting an
emerging disparity. These findings support earlier detection, equitable access to advanced therapies
including transcatheter edge-to-edge repair (TEER), and targeted strategies to reduce mortality
disparities.

Abbreviations
CDC WONDER, Centers for Disease Control and Prevention Wide-
Ranging Online Data for Epidemiologic Research; HF, Heart Failure;
MR, Mitral Regurgitation; AAMR, Age-Adjusted Mortality Rate;
APC, Annual Percentage Change; CI, Confidence Interval; NH, Non-
Hispanic; ICD-10, International Statistical Classification of Diseases,
Tenth Revision; TEER, Transcatheter Edge-to-Edge Repair; CVD,
Cardiovascular Disease; POD, Place of Death.

1. Introduction
Mitral regurgitation (MR) is the most common valvular heart disease
in the United States and frequently coexists with heart failure (HF)
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[1]. MR arises from incomplete coaptation of the mitral valve
leaflets, resulting in retrograde blood flow into the left atrium during
systole, which may precipitate atrial fibrillation, progressive left
ventricular dysfunction, and ultimately overt HF [2]. Together, MR
and HF represent a clinically significant and pathophysiologically
interrelated disease state associated with adverse cardiovascular
outcomes. Population-based data indicate that moderate-to-severe
MR is present in a substantial proportion of patients with estab-
lished cardiovascular disease, contributing to increased rates of
hospitalization and death [3]. As the U.S. population continues to
age, the rising prevalence of cardiovascular risk factors, including
hypertension, diabetes mellitus, obesity, and coronary artery disease,
further amplifies the burden of both HF and valvular conditions such
as MR [4].
Despite the clinical significance of this comorbid relationship,
existing national mortality analyses have focused predominantly
on either HF or MR in isolation. Parcha et al. (2020) examined
MR-related mortality trends in the United States from 1999 to 2018
using CDC WONDER, while Tan et al. (2024) described valvular
heart disease mortality trends through 2020. Critically, neither study
defined the specific death certificate coding framework in which MR
serves as the underlying cause of death and HF as a contributing
cause, nor did either analysis extend to the post-COVID period (2020–
2024), during which pandemic-related disruptions may have altered
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mortality trajectories [5, 6]. Consequently, the combined impact of
MR and HF on mortality, as well as associated sociodemographic
disparities, remains incompletely characterized. By analyzing 25
years of national mortality data through 2024, this study addresses a
distinct and previously uncharacterized epidemiological gap.
In this study, we evaluated national mortality trends associated with
the co-occurrence of MR as the underlying cause of death and HF as a
contributing cause among U.S. adults from 1999 to 2024 — a period
encompassing major therapeutic advances, including transcatheter
edge-to-edge repair (TEER) approval and updated ACC/AHA heart
failure guidelines, the COVID-19 pandemic, and a secular rise in
cardiometabolic risk burden. We further assessed disparities across
sex, race and ethnicity, age, urbanization, census region, and state to
identify populations at disproportionate risk that may benefit from
targeted clinical and public health strategies.

2. Methods

2.1. Study Design
We conducted a retrospective population-based analysis of national
mortality data obtained from the CDC WONDER (Centers for
Disease Control and Prevention Wide-Ranging Online Data for
Epidemiologic Research) database [7]. Mortality records from 1999
to 2024 were analyzed to identify deaths among U.S. adults in
whom both MR and HF were reported on the death certificate.
ICD-10 (International Classification of Diseases, Tenth Revision)
codes were used to identify each condition: HF was defined using
codes I11.0, I50.0, I50.1, and I50.9, while MR was defined using
codes I05.1, I05.2, I05.9, I34.0, I34.9, Q23.3, and Q23.9, consistent
with previously published epidemiological studies of valvular heart
disease and heart failure mortality [8–10].
In this analysis, MR-related conditions were designated as the
underlying cause of death (UCD)—defined as the condition that
initiated the chain of events leading to death—while HF codes
were included as multiple causes of death (MCD), representing
contributing conditions listed on the death certificate. We selected
this analytical framework to capture deaths in which structural or
degenerative MR plausibly initiated a pathophysiological sequence
culminating in HF, consistent with the approach used in prior
analyses of valvular disease-mediated HF mortality [1, 11]. We
acknowledge that UCD attribution on death certificates involves
physician judgment and may not uniformly capture cases in which
HF is the primary clinical driver and MR a secondary contributor.
This limitation is inherent to all death certificate-based analyses and
is addressed further in the Limitations section.
The CDC WONDER mortality dataset compiles cause-of-death
information from death certificates across all 50 U.S. states and the
District of Columbia, and it has been widely used to evaluate national
mortality trends in cardiovascular diseases. Because this study
utilized publicly available, de-identified secondary data, institutional
review board approval and informed consent were not required.
The study followed the STROBE (Strengthening the Reporting of
Observational Studies in Epidemiology) reporting guidelines for
observational studies [12].

2.2. Data Extraction
We stratified data by place of death (POD), race and ethnicity,
sex, urbanization, age group, census region, and state. Place of
death was categorized as medical facilities (inpatient), decedent’s
home, hospice facility, nursing home or long-term care facility,
other locations, and unknown. Race/ethnicity was classified using
the mutually exclusive Hispanic Origin–Race recode variable in

CDC WONDER, yielding the following non-overlapping groups:
Non-Hispanic White, NH Black or African American, NH Asian
or Pacific Islander, and Hispanic or Latino. NH American Indian or
Alaska Native deaths were suppressed by CDC WONDER due to
cell counts below 10 and were excluded from race-stratified analyses.
We categorized age groups as middle-aged adults (45–64 years)
and older adults, the latter further subdivided into three narrower
bands (65–74 years, 75–84 years, and ≥85 years) to assess within-
group heterogeneity. We classified census regions as Midwest, South,
West, and Northeast per U.S. Census Bureau definitions [13]. We
classified urbanization using the 2013 National Center for Health
Statistics Urban–Rural Classification Scheme for Counties, which
distinguishes urban areas (population ≥1 million) from rural areas
(population <50,000) [14]. Urbanization data were available only
through 2020, as the 2013 NCHS scheme had not been updated
with a newer vintage in CDC WONDER at the time of this analysis;
consequently, all urban-rural analyses in this study are restricted
to 1999–2020. All geographic analyses (state, census region, and
urban-rural) used the decedent’s state of residence as recorded
on the death certificate, consistent with standard epidemiological
practice of matching mortality counts to residence-based population
denominators. Mortality data obtained from CDC WONDER were
final at the time of extraction and were accessed on March 3, 2026.

2.3. Statistical Analysis
We calculated age-adjusted mortality rates (AAMRs) per 100,000
population to evaluate annual mortality trends from 1999 to 2024.
We standardized AAMRs to the 2000 U.S. standard population
using direct standardization via the CDC WONDER platform, in
accordance with accepted national mortality surveillance procedures.
We then stratified mean annual AAMRs by sex, race and ethnicity,
age group, urbanization (data available for 1999–2020 only), state,
and census region. Where reported, mean annual AAMR values
represent the arithmetic average of yearly age-adjusted mortality
rates across the study period.
The primary outcome was the overall national AAMR trend from
1999 to 2024. We conducted exploratory secondary analyses strati-
fied by sex, race/ethnicity, age group, urbanization, census region,
and state.
Temporal trends in AAMR were analyzed using Joinpoint Regression
software (version 4.9.0.0; National Cancer Institute, Bethesda, MD),
which identifies statistically significant inflection points in mortality
trends and estimates the Annual Percent Change (APC) and Average
Annual Percent Change (AAPC) with 95% confidence intervals (CIs)
for each trend segment. We set the maximum number of joinpoints
to four and selected the optimal model using the permutation test
method described by Kim et al. We accounted for heteroscedastic
and correlated errors using the standard errors provided in the CDC
extraction sheet, and we also weighted annual AAMRs accordingly.
We excluded CDC-suppressed data points entirely and did not
incorporate them into model fitting. For APC and AAPC estimation,
we used a parametric permutation model with an overall significance
level of 0.05 and a maximum of 4,499 permutations. We used a two-
tailed t-test to assess statistical significance, with the null hypothesis
that the APC equals zero; we considered p-values <0.05 statistically
significant. No formal adjustment for multiple comparisons was
applied, as this study is descriptive and hypothesis-generating;
accordingly, interpret findings from subgroup analyses with caution.
Estimates based on fewer than 10 deaths were suppressed by
CDC WONDER and excluded from analysis. To address potential
confounding from shifting age composition within the older adult
group, we conducted a sensitivity analysis presenting crude mortality
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rates (per 100,000) across three narrower age bands (65–74, 75–84,
and ≥85 years) from 1999 to 2024.
Because this analysis used publicly available, aggregated mortality
data, we could not adjust for individual-level covariates. Unmeasured
confounders such as socioeconomic status, insurance coverage,
comorbidity burden, and variability in death certificate coding
practices may influence the observed associations between demo-
graphic or geographic variables and AAMR. Interpret all findings as
descriptive epidemiological associations rather than causal estimates,
and consider the potential for residual confounding when evaluating
subgroup differences.

3. Results
From 1999 to 2024, a total of 48,128 deaths were attributed to
the co-occurrence of MR as the underlying cause of death and
HF as a contributing cause among U.S. adults. Of these, 65.32%
(n=31,441) occurred among females and 34.67% (n=16,687) among
males (Supplemental Table 1). Regarding place of death, 22,568
(46.89%) deaths occurred in medical facilities, 13,573 (28.20%) at
the decedent’s home, 8,073 (16.77%) in nursing homes or long-term
care facilities, 1,951 (4.05%) in hospice facilities, 1,873 (3.90%) at
other locations, and 90 (0.19%) at unknown locations (Supplemental
Table 2, Figure 1). The predominance of in-hospital deaths is
consistent with the advanced disease burden typically observed in
this patient population.

Figure 1: Heart failure (HF) and mitral regurgitation (MR)-
related mortality in U.S. adults, 1999–2024, stratified by place
of death (POD).

3.1. Overall Trend for AAMR
The overall AAMR declined significantly from 1.11 per 100,000 in
1999 to 0.72 per 100,000 in 2024 (AAPC: −1.60; 95% CI: −1.92 to
−1.28; p<0.001). Joinpoint analysis identified a biphasic pattern: a
significant decline from 1.11 in 1999 to 0.68 in 2012 (APC: −3.29;
95% CI: −3.71 to −2.87; p<0.001), followed by a non-significant
trend toward increase from 0.68 in 2012 to 0.72 in 2024 (APC:
0.26; 95% CI: −0.27 to 0.80; p=0.319) (Supplemental Tables 3, 4;
Figure 2). The initial decline likely reflects the implementation of
evidence-based HF therapies and expanded valvular disease surveil-
lance during this period, while the subsequent plateau warrants
continued epidemiological monitoring.

3.2. Demographic Differences
3.2.1. Sex-Stratified Analysis
Throughout the study period, females consistently had a higher
AAMR than males. Among females, AAMR declined significantly
from 1.18 in 1999 to 0.74 in 2012 (APC: −3.29; 95% CI: −3.90 to
−2.68; p<0.001), followed by a statistically stable period from 2012
to 2024, during which the AAMR remained unchanged at 0.74 (APC:
−0.01; 95% CI: −0.65 to 0.64; p=0.985). Among males, AAMR
declined from 0.95 in 1999 to 0.82 in 2007 (APC: −1.92; 95% CI:
−2.98 to −0.84; p=0.002), followed by a steeper and significant
decline from 0.82 in 2007 to 0.62 in 2011 (APC: −6.23; 95% CI:
−10.87 to −1.35; p=0.016). A significant increase was subsequently
observed from 0.62 in 2011 to 0.69 in 2024 (APC: 1.03; 95% CI:
0.51 to 1.57; p=0.001) (Supplemental Tables 3, 4; Figure 2). The
persistently higher AAMR among females, combined with the rising
trend among males after 2011, suggests sex-specific differences in
disease trajectory that merit further investigation.

Figure 2: Heart failure (HF) and mitral regurgitation (MR)-
related mortality in U.S. adults, 1999–2024, stratified by sex
and year.

3.2.2. Race and Ethnicity-Stratified Analysis
Throughout the study period, NH White adults exhibited the highest
AAMR across all racial and ethnic groups, while Hispanic or Latino
individuals demonstrated the lowest.
Among NH White individuals, AAMR declined significantly from
1.14 in 1999 to 0.70 in 2012 (APC: −3.43; 95% CI: −3.99 to −2.86;
p<0.001), followed by a non-significant trend toward increase from
0.70 to 0.75 between 2012 and 2024 (APC: 0.45; 95% CI: −0.22 to
1.12; p=0.176). The overall AAMR declined significantly across the
full study period (AAPC: −1.59; 95% CI: −1.99 to −1.18; p<0.001).
Among NH Asian or Pacific Islander individuals, AAMR declined
from 0.87 (95% CI: 0.58–1.25) in 1999 to 0.37 (95% CI: 0.28–
0.48) in 2024, representing a significant overall decrease (AAPC:
−2.14; 95% CI: −2.95 to −1.33; p=0.001). Among NH Black or
African American individuals, AAMR declined significantly from
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0.77 in 1999 to 0.40 in 2013 (APC: −3.10; 95% CI: −4.32 to −1.87;
p=0.001), followed by a significant increase from 0.40 in 2013 to
0.67 in 2024 (APC: +3.10; 95% CI: +1.41 to +4.82; p<0.001). The
overall AAMR trend across the full study period was not statistically
significant (AAPC: −0.42; 95% CI: −1.37 to 0.54; p=0.389). Among
Hispanic or Latino individuals, AAMR declined from 0.53 in 1999
to 0.36 in 2013 (APC: −2.91; 95% CI: −4.47 to −1.32; p<0.001),
followed by a non-significant trend toward increase from 0.36 to
0.41 between 2013 and 2024 (APC: 0.56; 95% CI: −1.15 to 2.30;
p=0.506). The overall AAMR declined significantly across the full
study period (AAPC: −1.40; 95% CI: −2.49 to −0.29; p=0.013)
(Supplemental Tables 3, 5; Figure 3).
Notably, the significant post-2013 increase in AAMR among NH
Black adults, in contrast to the stable or improving trends among
other racial and ethnic groups, represents an important and emerging
disparity warranting further investigation.

Figure 3: Heart failure (HF) and mitral regurgitation (MR)-
related mortality in U.S. adults, 1999–2024, stratified by race
and ethnicity.

3.2.3. Age-Stratified Analysis
Older adults consistently exhibited substantially higher AAMRs
than middle-aged adults throughout the study period, reflecting the
markedly greater burden of HF- and MR-related mortality with
advancing age. Among middle-aged adults (45–64 years), AAMR
declined significantly from 0.22 in 1999 to 0.14 in 2013 (APC:−2.49;
95% CI:−4.04 to−0.92; p=0.003), followed by a significant increase
from 0.14 in 2013 to 0.22 in 2024 (APC: +3.45; 95% CI: +1.39 to
+5.56; p=0.002). Among older adults (≥65 years), AAMR declined
significantly from 5.30 in 1999 to 3.26 in 2012 (APC: −3.35; 95%
CI: −3.78 to −2.91; p<0.001), followed by a non-significant and
essentially stable period from 3.26 in 2012 to 3.32 in 2024 (APC:

+0.02; 95% CI: −0.49 to 0.54; p=0.924). Overall, older adults had
substantially higher AAMRs than middle-aged adults across the
entire study period, with mean AAMRs of 3.95 (95% CI: 3.76–4.14)
and 0.18 (95% CI: 0.14–0.20), respectively (Supplemental Tables
3, 6; Figure 4). The significant post-2013 rise in AAMR among
middle-aged adults parallels the trend observed in NH Black adults.
It may reflect the converging influence of rising cardiometabolic risk
factors in this age group.
To evaluate whether the observed stabilization in older adult mor-
tality after 2012 reflected true within-band trends rather than shifts
in age composition, we performed a sensitivity analysis stratifying
older adults into three narrower bands (Supplemental Table 10;
Figure 5). Among adults aged 65–74 years, crude mortality rates
declined markedly from 1.56 per 100,000 in 1999 to 0.76 in 2010,
then stabilized through 2024 (0.94). Among adults aged 75–84 years,
rates declined from 5.46 in 1999 to 3.15 in 2024, with a plateau
apparent after approximately 2012. The steepest absolute decline was
observed among adults aged ≥85 years, with rates falling from 20.53
in 1999 to 14.03 in 2024, though rates have remained relatively stable
since approximately 2013–2015. Importantly, the parallel declining-
then-stabilizing trajectory observed across all three narrower bands
suggests that the pattern observed in the aggregate older adult group
reflects genuine within-stratum trends rather than compositional
age-structure changes.

Figure 4: Heart failure (HF) and mitral regurgitation (MR)-
related mortality in U.S. adults, 1999–2024, stratified by age
group.
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Figure 5: Sensitivity analysis: crude mortality rates for HF-
and MR-related deaths in U.S. adults, 1999–2024, across
three narrower older-adult age bands (65–74, 75–84, and ≥85
years).

3.3. Regional Variation
3.3.1. Stratified by Urbanization
Urban-rural analyses are limited to 1999–2020 due to data availabil-
ity. AAMR declined in both urban and rural areas over this period,
with rural areas consistently showing higher rates. In urban areas,
the AAMR decreased from 1.10 (95% CI: 1.04–1.15) in 1999 to 0.71
(95% CI: 0.68–0.75) in 2020. In rural areas, AAMR declined from
1.15 (95% CI: 1.03–1.26) in 1999 to 0.85 (95% CI: 0.76–0.94) in
2020.
In urban areas, the overall AAMR declined significantly across the
study period (AAPC: −2.03; 95% CI: −2.49 to −1.57; p<0.001),
driven by a significant decline from 1999 to 2012 (APC: −3.33;
95% CI: −3.81 to −2.85; p<0.001), followed by a non-significant
trend toward increase from 2012 to 2020 (APC: 0.13; 95% CI:
−0.93 to 1.19; p=0.805). In rural areas, the overall AAMR also
declined significantly (AAPC: −1.59; 95% CI: −2.32 to −0.85;
p<0.001), with a significant decline from 1999 to 2012 (APC: −3.24;
95% CI: −4.03 to −2.45; p<0.001), followed by a non-significant
trend toward increase from 2012 to 2020 (APC: 1.16; 95% CI:
−0.50 to 2.84; p=0.159) (Supplemental Tables 3, 8; Figure 6). The
persistently higher AAMR in rural areas, despite an overall declining
trend, suggests that structural barriers to cardiovascular care access
continue to contribute to excess mortality in rural populations.

Figure 6: Heart failure (HF) and mitral regurgitation (MR)-
related mortality in U.S. adults, 1999–2020, stratified by
urbanization.

3.3.2. Stratified by Census Region
AAMR declined across all four U.S. census regions from 1999 to
2024. End-point AAMRs were as follows: Northeast, 1.04 (95% CI:
0.94–1.14) in 1999 to 0.72 (95% CI: 0.65–0.80) in 2024; Midwest,
1.10 (95% CI: 1.00–1.20) to 0.85 (95% CI: 0.78–0.93); South, 1.01
(95% CI: 0.93–1.09) to 0.58 (95% CI: 0.54–0.63); and West, 1.37
(95% CI: 1.25–1.50) to 0.87 (95% CI: 0.80–0.95).
In the Northeast, AAMR declined significantly from 1.04 in 1999
to 0.69 in 2011 (APC: −3.34; 95% CI: −4.21 to −2.45; p<0.001),
followed by a non-significant and stable period from 2011 to 2024
(APC: 0.03; 95% CI: −0.87 to 0.93; p=0.947); overall AAPC: −1.60
(95% CI:−2.19 to−1.00; p<0.001). In the Midwest, AAMR declined
significantly from 1.10 in 1999 to 0.81 in 2011 (APC: −2.44; 95% CI:
−3.19 to−1.68; p<0.001), followed by a non-significant trend toward
increase from 0.81 to 0.85 between 2011 and 2024 (APC: 0.58; 95%
CI: −0.11 to 1.27; p=0.094); overall AAPC: −0.88 (95% CI: −1.36
to −0.40; p<0.001). In the South, AAMR declined markedly from
1.01 in 1999 to 0.52 in 2012 (APC: −4.96; 95% CI: −5.76 to −4.16;
p<0.001), followed by a non-significant trend toward increase from
0.52 to 0.58 between 2012 and 2024 (APC: 0.86; 95% CI: −0.07
to 1.80; p=0.070); overall AAPC: −2.21 (95% CI: −2.78 to −1.63;
p<0.001). In the West, AAMR declined significantly from 1.37
in 1999 to 0.82 in 2012 (APC: −2.98; 95% CI: −3.74 to −2.22;
p<0.001), followed by a non-significant period from 2012 to 2024
(APC: −0.11; 95% CI: −0.95 to 0.73; p=0.779); overall AAPC:
−1.62 (95% CI: −2.15 to −1.08; p<0.001) (Supplemental Tables 3,
7; Figure 7). The West consistently maintained the highest AAMR
among all census regions throughout the study period.
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Figure 7: Heart failure (HF) and mitral regurgitation (MR)-
related mortality in U.S. adults, 1999–2024, stratified by
census region.

3.3.3. Stratified by State
AAMR varied substantially across U.S. states, ranging from 0.51
(95% CI: 0.45–0.56) in Louisiana to 1.67 (95% CI: 1.57–1.77) in
Oregon. States in the highest AAMR decile included Oregon (1.67),
Washington (1.53), Vermont (1.47), Alaska (1.28), and Montana
(1.26), while those in the lowest decile included Louisiana (0.51),
Georgia (0.55), the District of Columbia (0.57), Nevada (0.59),
and Florida (0.60). Pacific and Northwestern states had the highest
AAMR concentrations, whereas Southern states generally had lower
rates. Midwest, Northeast, and Mountain West states demonstrated
intermediate AAMR levels (Supplemental Tables 7, 9; Figure 8).
This geographic heterogeneity likely reflects regional differences
in population demographics, cardiovascular risk factor burden, and
access to specialized cardiac care.

4. Discussion
This retrospective population-based analysis of 48,128 deaths
characterizes mortality trends attributable to the co-occurrence of
MR as the underlying cause of death (UCD) and HF as a contributing
cause (MCD) among U.S. adults from 1999 to 2024. Three principal
findings emerge. First, overall AAMR declined significantly across
the study period (AAPC: −1.60; p<0.001), following a biphasic
pattern: a steep initial decline from 1999 to 2012 (APC: −3.29;
p<0.001) and a subsequent non-significant plateau from 2012 to
2024 (APC: 0.26; p=0.319). This pattern broadly aligns with overall
HF mortality trends reported by Sayed et al. (2024) and MR-specific
trends reported by Parcha et al. (2020) [5, 15].

Figure 8: Heart failure (HF) and mitral regurgitation (MR)-
related mortality in U.S. adults, 1999–2020, stratified by state.

Second, mortality was not uniformly distributed across the popula-
tion; higher rates were observed among females, older adults, NH
White individuals, rural populations, and residents of western states.
Third, and most clinically notable, NH Black adults experienced
a significant reversal from declining to rising AAMR after 2013
(APC: +3.10; p<0.001). Similarly, middle-aged adults (45–64
years) demonstrated a significant post-2013 rise in AAMR (APC:
+3.45; p=0.002). These findings collectively underscore the need
for targeted clinical and public health strategies.
The initial decline in AAMR from 1999 to 2012 is consistent
with several concurrent advances in cardiovascular care, including
updated ACC/AHA HF guidelines, expanded echocardiographic
screening, and improved surgical criteria for mitral valve repair
[16, 17].
The non-significant plateau observed from 2012 to 2024 may reflect
several converging factors, including rising cardiometabolic risk
factors [18, 19] and COVID-19 pandemic disruptions [15]. However,
these explanations are speculative in this observational analysis and
cannot be confirmed without linkage to procedural and clinical data.
Results show women having higher AAMR compared to men,
highlighting sex-based differences in the epidemiology of HF and
MR in the U.S. This may be explained by the higher likelihood of
women developing heart failure with preserved ejection fraction
(HFpEF), which is strongly related to aging, hypertension, and
valvular diseases including MR [20]. In contrast, men are more likely
to develop HF with reduced ejection fraction (HFrEF), a condition
characterized by impaired left ventricular contraction, ventricular
dilation, and reduced cardiac output [21]. Although arterial and
ventricular stiffness increases with age in both sexes, research
suggests that women are disproportionately affected, particularly
post-menopause when estrogen levels are decreased, contributing to
increased cardiovascular stiffness and dysfunction, hence elevating
the risk of HFpEF and MR [22]. Furthermore, despite increased
participation of females in clinical trials related to HF, women remain
underrepresented compared with men, which may contribute to less
optimized treatment guidelines for females and consequently lead
to suboptimal management outcomes [23]. Women with HF tend
to be older than men at the time of hospitalization and thus exhibit
a higher mortality risk, further contributing to the elevated risk of
valvular diseases including MR observed in women [24].
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Racial differences in mortality rates were observed, with NH White
adults experiencing markedly higher rates of death due to MR
compared with other racial groups. In older studies, an association
was made with White individuals having a higher occurrence of
mitral prolapse and chordal rupture (due to genetic differences
affecting valve structure and disease development), which are
major causes of MR [25]. MR is also closely associated with
advancing age [26]. Notably, in the U.S., the older adult population
is disproportionately White, which may contribute to observed
epidemiological patterns in this study [27].
On the other hand, Hispanic individuals showed the lowest mortality
rates compared with other racial groups, a pattern that may reflect sev-
eral factors. Studies have documented that Hispanic patients, along
with other minority groups, receive fewer specialist consultations
than NH White patients, reflecting observed differences in follow-
up and referral patterns [28, 29]. These differences in documented
diagnostic encounters may reflect a lower recorded prevalence of
valvular conditions like MR in clinical datasets, without necessarily
indicating lower true disease prevalence.
When comparing trends between NH Black and NH White adults
after 2013, a significant divergence emerges with important public
health implications. While mortality continued to improve among
NH White adults, mortality among NH Black adults continued
to increase (APC: +3.10; 95% CI: +1.41 to +4.82; p<0.001).
The temporal inflection point in 2013 is noteworthy because the
MitraClip device (transcatheter edge-to-edge repair; TEER) received
FDA approval in October 2013 for high-risk surgical patients with
degenerative MR. Previous data suggest that White patients with
valvular heart disease are more likely to be referred for advanced
surgical procedures than NH Black patients with comparable clinical
profiles [28]. Whether differential access to TEER contributed to
the post-2013 racial divergence is an intriguing but unconfirmed
hypothesis, as this study did not directly analyze procedural utiliza-
tion and cannot infer causality from death-certificate data alone.
However, this study did not analyze procedural utilization data,
so this interpretation remains speculative; mortality data alone
cannot establish a causal relationship. Additionally, HFpEF has been
reported to be underdiagnosed in Black patients due to potential
biases in diagnostic tools, which may contribute to undertreatment
of MR and consequently higher mortality rates in Black adults
[30]. These observed mortality rate differences warrant further
investigation, including procedural utilization analyses, to determine
whether differences in receipt of advanced therapies such as TEER
are associated with the diverging racial mortality trends. While these
variables could be plausible explanations of higher mortality in NH
Black individuals, they are not evaluated in the current dataset.
Age-related differences in mortality rates were observed, with
older adults experiencing substantially higher mortality rates from
HF and MR compared with middle-aged adults throughout the
study period. This pattern may largely reflect progressive structural
and functional changes in the cardiovascular system associated
with aging. Degenerative alterations of the mitral valve, including
leaflet thickening, annular calcification, and chordal degeneration,
become increasingly common in elderly populations and significantly
increase the risk of MR development [31, 32]. Epidemiological
studies further demonstrate that the prevalence of MR rises markedly
with age, particularly among individuals older than 70–75 years,
highlighting the strong relationship between aging and valvular
dysfunction [2]. In addition to valvular degeneration, aging is
associated with myocardial remodeling, ventricular stiffening, and
reduced cardiac reserve, all of which contribute to HF development
and progression [33]. Population-based evidence also indicates

that HF incidence increases exponentially with advancing age,
particularly after age 65 years [34]. Moreover, older adults frequently
present with a higher burden of cardiometabolic comorbidities such
as hypertension, diabetes mellitus, coronary artery disease, and atrial
fibrillation, which may exacerbate both HF progression and MR
severity and contribute to the elevated mortality observed in this
population [35].
Conversely, AAMR data for middle-aged adults (45–64 years)
show a noteworthy change: the previously declining trend (APC:
−2.49; 1999–2013; p=0.003) switches to a significant increase (APC:
+3.45; 2013–2024; p=0.002) after 2013. This unobserved pattern in
previously conducted studies may reflect converging secular trends,
including the rising prevalence of obesity, hypertension, and type 2
diabetes in U.S. middle-aged adults (45–64 years), each representing
a risk factor for functional MR and HF progression [18, 19]. These
results suggest that timely intervention for this age group should
include regular echocardiographic surveillance of people with high-
risk factors, and that preventative measures against obesity and
hypertension should be a more focused health priority among middle-
aged adults.
Rural areas had higher AAMR than urban areas, consistent with
previous peer-reviewed studies [36]. Several factors have been
associated with higher cardiovascular mortality in rural areas and
may be relevant to these observed rate differences. Studies have
reported lower health literacy, fewer cardiovascular specialists
and resources, longer travel distances to hospital facilities, and
lower rates of advanced cardiovascular interventions in rural areas
compared with urban areas [37, 38]. Death-certificate data alone
cannot determine whether these factors contribute to the rural–urban
mortality rate difference observed in this descriptive analysis; further
investigation with individual-level clinical and utilization data is
needed.
The analysis of HF- and MR-related mortality shows that nearly
half of deaths among adult Americans between 1999 and 2024 took
place in medical facilities (46.89%). Previous studies have shown
that patients with advanced HF often die in acute care settings due to
clinical deterioration and the need for intensive medical management,
which is consistent with the predominance of in-hospital mortality
[39]. Furthermore, nursing homes and long-term care facilities
accounted for 16.77% of deaths, underscoring the importance of
these establishments in providing care for elderly HF patients
with severe functional impairment and numerous comorbidities
[40]. A significant percentage of deaths (28.20%) took place at
home, indicating a patient preference for dying outside institutional
settings and a gradual shift toward community-based end-of-life
care. Prior research has documented rising trends in home deaths
among patients with cardiovascular disease, in part because of better
outpatient care and the growth of palliative care services [39, 41].
The percentage of deaths that occurred in hospice facilities was lower
(4.05%), indicating that while the use of palliative care is rising, it is
still less common in HF than in other chronic illnesses [41].
Across U.S. census regions, the West region had the highest MR-
related HF mortality. Public data indicate that the Western U.S. has a
higher concentration of frontier and rural counties. Prior studies have
documented that rural and frontier areas in the West are associated
with longer travel distances to healthcare services, fewer specialty
cardiovascular resources, and lower rates of advanced cardiovascular
procedures compared with similar areas in other regions [37, 42–
44]. Death-certificate data alone cannot determine whether these
structural characteristics explain the higher AAMR observed in the
West in this descriptive analysis. Previous studies focusing on HF
have reported the South as having high mortality compared with
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other regions, which is valid when high prevalence of CVD such as
coronary artery disease (CAD) leading to HF is considered [11, 45].
However, other studies have also identified MR as a leading cause of
HF [1, 46]. Additionally, some epidemiological studies have reported
the West having the highest AAMR associated with MR, with the
lowest rates in the South, consistent with our results [5].
States in the highest AAMR percentiles in our analysis were
primarily located in the Northwest and Mountain West regions,
including Oregon, Washington, Vermont, Alaska, and Montana. In
contrast, several Southern states, including Louisiana, Georgia, and
Florida, showed some of the lowest mortality rates. Geographic
heterogeneity in heart failure mortality across the U.S. has been
consistently reported in prior epidemiologic studies, reflecting
complex interactions between population health characteristics,
healthcare access, and socioeconomic conditions. A national analysis
of more than 1,700 U.S. counties demonstrated substantial state-level
variation in HF mortality, with differences strongly associated with
the prevalence of cardiovascular risk factors such as hypertension,
diabetes, obesity, and physical inactivity [47]. Many of the states
with higher AAMR in our study have large rural populations and
geographically dispersed healthcare systems. Rural populations have
been shown to experience higher mortality and worse outcomes
following major cardiovascular conditions, including HF, partially
due to reduced access to specialized care and lower rates of
advanced cardiovascular interventions [48]. Additionally, nearly half
of U.S. counties lack practicing cardiologists, and these areas—often
rural and socioeconomically disadvantaged—tend to have higher
CVD burden and mortality rates [49]. These structural healthcare
limitations may delay diagnosis and optimal management of both
HF and coexisting valvular diseases such as MR. However, these
are descriptive rankings without formal significance testing; state-
level differences should not be interpreted as statistically meaningful
without formal multiple-comparison testing.
Parcha et al. (2020) reported a declining AAMR for MR-related
mortality among U.S. adults from 1999 to 2018, similar to our early-
period decline. However, their analysis did not evaluate the HF
co-occurrence within the death-certificate coding framework and
did not capture the post-2018 trend reversal in our data [5].
Tan et al. (2024) reported an overall AAMR of 6.61 per 100,000 for
valvular heart disease mortality through 2020. Our co-occurrence
framework identified a more specific group of patients with an
AAMR of 0.72 per 100,000 in 2024, suggesting that this coding
framework identifies a group that carries a distinct and persistent
mortality burden [6].
Sayed et al. (2024) demonstrated a reversal in the overall declining
trend of HF-related mortality from 2012 onward in the U.S. This
pattern reinforces our biphasic findings and independently confirms
that the post-2012 shift reflects a true transition in HF-related
mortality trends, not a result of MR coding [15].
Taken together, these comparisons suggest that deaths with co-listed
MR and HF on death certificates demonstrate a distinct coding frame-
work that cannot be fully understood by analyzing either condition
in isolation. Death-certificate co-coding identifies coding patterns
rather than clinically adjudicated disease phenotypes; these data
cannot confirm MR severity, HF subtype, or shared pathophysiology
at the patient level. Furthermore, analyzing these data through
2024 reveals additional epidemiological transitions, especially post-
COVID disruptions and racial differences in mortality trends, that
earlier literature did not capture.

5. Conclusion
This study characterizes, for the first time, national mortality trends
attributable to the co-occurrence of MR as the underlying cause of
death and HF as a contributing cause among U.S. adults from 1999 to
2024. Overall AAMR declined significantly across the study period,
following a biphasic pattern: an initial rapid decline from 1999 to
2012 consistent with the implementation of evidence-based cardio-
vascular therapies and expanded disease surveillance, followed by a
non-significant plateau from 2012 to 2024, highlighting emerging
challenges from worsening cardiometabolic risk profiles and other
uncharacterized factors, and pandemic-induced disruptions.
Significant sociodemographic differences in mortality were observed
in MR- and HF-related co-mortality across sex, race and ethnicity,
age, census regions, urbanization, and states. While these trends
showed that older NH White females in rural western states had the
highest overall death rates, the clinically most important finding was
a significant post-2013 rise in AAMR among NH Black adults (APC:
+3.10; p<0.001) and middle-aged adults (APC: +3.45; p=0.002).
Most notably, a significant mortality increase among NH Black
adults after 2013 underscores the urgent need for investigation
into whether differences in the receipt of advanced therapies such
as TEER are associated with this mortality divergence, pending
confirmatory data from procedural utilization studies. These trends
also highlight the effect of primary risk factors such as diabetes,
obesity, and hypertension in contributing to MR- and HF-related
mortality in middle-aged adults.
These findings support the need for targeted public health strategies,
including: further investigation through linkage with procedural
utilization data to evaluate whether receipt of advanced treatments
such as TEER varies by race or geography and is associated
with the observed mortality rate differences; equitable access to
TEER regardless of race or geography; telehealth-based cardiology
and mobile echocardiographic programs for rural and underserved
populations; and enhanced prevention of cardiometabolic risk factors
in adults aged 45–64 years. Linkage of mortality surveillance data
with procedural and administrative claims registries would facilitate
evaluation of the population-level impact of advanced therapies on
MR-HF co-mortality.

6. Limitations
This study has several limitations inherent to its reliance on death
certificate data from the CDC WONDER database.
First and most importantly, death certificate coding accuracy for MR
and HF is uncertain and may vary substantially across demographic
groups, geographic regions, and clinical settings. Physicians com-
pleting death certificates may variably assign MR as the underlying
cause of death, may omit it entirely when HF is perceived as
the primary driver, or may differentially apply coding practices
across age groups, racial and ethnic groups, and care settings. This
differential misclassification could cause certain subgroups to appear
more or less affected than they truly are. It may be particularly
relevant when interpreting the racial, regional, and age-stratified
findings of this study. Although the ICD-10 codes used here have
been previously validated [9, 10], their accuracy on death certificates
— as opposed to clinical records — cannot be fully ascertained, and
this limitation should be weighed carefully when interpreting all
findings.
Second, the analytical framework designating MR as UCD and
HF as MCD captures a clinically meaningful phenotype but may
not account for cases of reverse causality, in which HF is the
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primary driver and MR a secondary consequence; cause-and-effect
relationships between HF and MR cannot be inferred from this
dataset.
Third, the aggregated nature of CDC WONDER data precludes
individual-level covariate adjustment. Unmeasured confounders
— including socioeconomic status, insurance coverage, comorbid-
ity burden, cardiologist density, echocardiography access, TEER
availability, and state-level coding practices — may influence the
observed associations between demographic variables and AAMR.
Interpret all findings as descriptive epidemiological associations
rather than causal estimates. Linking CDC WONDER data with
administrative claims databases or clinical registries in the future
would allow adjustment for multiple variables and provide more
precise identification of true causes of MR-HF mortality disparities.
Fourth, CDC WONDER does not include clinical data on MR sever-
ity, HF stage, comorbidity profile, treatment history, or functional
status, limiting the contribution of these factors to observed mortality
patterns.
Fifth, urbanization data were available only through 2020, limiting
stratification by urbanization in the most recent study years. Addition-
ally, CDC WONDER suppressed cell counts below 10, precluding
analysis of NH American Indian or Alaska Native individuals and
young adults; findings from this study are therefore not generalizable
to these populations.
Sixth, our MR case definition combined acquired valvular codes
(I05.1, I05.2, I05.9, I34.0, I34.9) with congenital codes (Q23.3,
Q23.9). While Q23.3 specifically denotes congenital mitral insuffi-
ciency, Q23.9 is a non-specific code for congenital malformation of
the aortic and mitral valves. It may therefore have captured a small
number of deaths attributable to congenital aortic valve disease rather
than MR. This introduces some diagnostic heterogeneity, particularly
at younger ages where congenital valve disease is more common.
We did not perform a sensitivity analysis excluding Q23.9, so we
cannot fully rule out resulting misclassification.
Seventh, we did not apply formal multiple-comparison adjustments
across the many subgroups tested in this study, which increases the
likelihood of false-positive joinpoint findings in secondary strata.
State-by-state rankings remain useful as descriptive findings, but
subgroup joinpoint p-values should not be taken as confirmatory;
they are best viewed as hypothesis-generating rather than proof of
real differences between groups.
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