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Background: Cardiac involvement is a major determinant of prognosis in systemic amyloidosis, but population-level trends in
cardiovascular mortality remain insufficiently characterized.

Methods: We performed a retrospective, population-based analysis of U.S. adults aged >45 years with amyloidosis using death
certificate data from the Centers for Disease Control and Prevention Wide-ranging Online Data for Epidemiologic Research (CDC
WONDER) database from 1999 through 2023. Cardiovascular disease (CVD)-related deaths were identified using ICD-10 codes and
classified into heart failure (HF), atrial fibrillation/flutter (AF), ischemic heart disease (IHD), or other CVD categories. Age-adjusted
mortality rates (AAMRs) were calculated using the 2000 U.S. standard population. Joinpoint regression assessed temporal trends, and
autoregressive integrated moving average (ARIMA) models projected mortality through 2033.

Results: A total of 35,222 CVD-related deaths occurred among adults with amyloidosis during the study period, yielding an overall
AAMR of 1.12 per 100,000 population. Cardiovascular mortality increased nearly threefold, from 0.80 per 100,000 in 1999 to 2.27 per
100,000 in 2023, with a marked acceleration beginning in the late 2010s. HF consistently accounted for the largest proportion of CVD-
related deaths. Mortality rates were higher among males, older adults, and non-Hispanic Black individuals, with demographic and
geographic disparities widening over time. Similar upward trajectories were observed across U.S. Census regions and levels of
urbanization. Projections indicated continued increases in cardiovascular mortality through 2033.

Conclusion: Cardiovascular mortality among U.S. adults with amyloidosis has increased substantially over the past 25 years, with
recent acceleration and persistent population-level disparities. These findings highlight a growing public health burden and support
earlier detection, equitable access to specialized care, and continued national surveillance.

Keywords: amyloidosis, cardiac amyloidosis, cardiovascular mortality, population-based study, health disparities, CDC WONDER

Background

Amyloidosis comprises a heterogeneous group of protein misfolding disorders characterized by extracellular deposition
of insoluble fibrils in multiple organs, resulting in progressive organ dysfunction and excess mortality.'” Cardiac
involvement represents the most consequential clinical manifestation of systemic amyloidosis and is the dominant
determinant of progn0s1s 4 Once myocardial infiltration occurs, patients face a substantially elevated risk of heart
failure (HF), atrial arrhythmias, ischemic complications, and premature cardiovascular death.’

Importantly, amyloidosis subtypes differ substantially in epidemiology, clinical trajectory, and prognosis. Light-chain
amyloidosis (AL amyloidosis) is driven by an underlying plasma cell dyscrasia and may progress rapidly, particularly
when cardiac involvement is present, whereas transthyretin amyloidosis (ATTR amyloidosis) is more strongly age-
dependent and includes both wild-type and hereditary forms with distinct demographic and genetic distributions. These
subtype-specific differences may influence population-level mortality trends, because death certificate data do not reliably
distinguish AL amyloidosis from ATTR amyloidosis. Recent meta-analytic evidence further supports the prognostic
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importance of cardiac involvement. In patients with multiple myeloma, concomitant cardiac AL amyloidosis has been
associated with markedly higher all-cause mortality and substantially shorter survival.® In addition, systematic evidence
in ATTR amyloidosis has demonstrated important subtype-specific differences in prevalence and clinical outcomes.’
These findings reinforce the biological plausibility and clinical relevance of focusing on cardiovascular mortality in
amyloidosis.

During the past two decades, the clinical landscape of amyloidosis has evolved considerably. Advances in noninvasive
diagnostic techniques and increasing clinical awareness have led to more frequent recognition of cardiac involvement,
particularly transthyretin amyloid cardiomyopathy among older adults.*'® In parallel, the emergence of disease-modifying
therapies has reshaped expectations regarding the natural history of amyloidosis, raising the possibility that earlier diagnosis
and treatment could ultimately translate into improved cardiovascular outcomes at the population level.'' '* Whether these
advances have meaningfully altered long-term cardiovascular mortality patterns, however, remains unclear.

Current epidemiologic evidence addressing this question is limited. Prior investigations have primarily focused on
selected clinical cohorts, referral-based registries, or hospitalization data, often emphasizing overall survival or HF-
related outcomes.'>'® Although these studies have established the high cardiovascular risk associated with amyloidosis,
they provide limited insight into national long-term mortality trends, temporal inflection points, and the evolving
contribution of specific cardiovascular causes of death, such as HF, atrial fibrillation (AF), and ischemic heart disease
(IHD). Moreover, population-level evaluations of demographic and geographic disparities in cardiovascular mortality
among individuals with amyloidosis remain sparse. Social determinants of health and therapeutic inequities may further
shape the contemporary burden of cardiovascular mortality in amyloidosis. Delayed diagnosis, limited access to
advanced cardiac imaging, uneven availability of amyloidosis specialty centers, differences in insurance coverage, and
barriers to disease-modifying therapies may contribute to disparities in detection, treatment initiation, and outcomes.
These factors are particularly relevant because recent diagnostic and therapeutic advances may not translate into uniform
population-level benefit if access remains unequal across racial, socioeconomic, geographic, and urban—rural groups.
Evaluating mortality patterns across demographic and geographic strata may therefore help identify populations in which
earlier detection, equitable care delivery, and ongoing surveillance are most urgently needed.

National mortality surveillance data provide a unique opportunity to address these gaps. The Centers for Disease
Control and Prevention Wide-ranging Online Data for Epidemiologic Research (CDC WONDER) database captures all
U.S. death certificates over multiple decades, enabling systematic assessment of cause-specific mortality across time,
demographic groups, and geographic regions.'” This approach allows for characterization of long-term trends and
disparities in cardiovascular mortality that cannot be adequately assessed using clinical or administrative datasets alone.

Accordingly, we conducted a population-based analysis of U.S. adults aged 45 years and older with amyloidosis using
CDC WONDER data from 1999 through 2023. The objectives of this study were to characterize long-term trends in
cardiovascular mortality within a rare but increasingly prevalent cardiomyopathic condition, identify temporal changes in
the pace of mortality increase, examine disparities by age, sex, race and ethnicity, geographic region, and urbanization level,
and delineate the evolving distribution of cardiovascular causes of death, including HF, AF, and IHD. In addition, we applied
time-series modeling to project future cardiovascular mortality patterns. By providing a comprehensive national perspective
spanning 25 years, this study aims to clarify the contemporary burden of cardiovascular mortality in amyloidosis and to inform
strategies for earlier detection, equitable care delivery, and ongoing population-level surveillance.

Methods

Study Design and Data Source

We conducted a retrospective, population-based analysis using data from the CDC WONDER Multiple Cause-of-Death
database, covering the period from January 1, 1999, through December 31, 2023. This publicly accessible database
includes all death certificates from the 50 U.S. states and the District of Columbia, with causes of death coded according
to the International Classification of Diseases, Tenth Revision (ICD-10). Each record contains the underlying cause of
death, up to 20 contributing causes, and detailed demographic and geographic information. Annual population denomi-
nators were obtained from U.S. Census intercensal and postcensal population estimates.'®
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Study Population

We included all decedents aged >45 years with any diagnosis of amyloidosis (ICD-10 codes E85.0-E85.9) listed as either
an underlying or contributing cause of death. The age threshold was selected to focus on adults at higher risk for cardiac
involvement in systemic amyloidosis while ensuring adequate sample sizes for stratified analyses. Within this amyloi-
dosis cohort, cardiovascular disease (CVD)-related deaths were identified when any CVD-related ICD-10 code appeared
anywhere on the death certificate, either as the underlying cause of death or as a contributing cause of death. This
definition was intended to capture deaths with documented cardiovascular involvement among decedents with amyloi-
dosis, rather than deaths for which CVD was necessarily the sole or principal cause. CVD subtypes included HF (I50),
AF (148), IHD (120-125), and other CVD (remaining codes within 100-199, excluding HF, AF, and IHD). Subtype-
specific analyses for light-chain amyloidosis and transthyretin amyloidosis were not performed because amyloidosis
subtypes are not consistently or reliably captured in death certificate data, and the available ICD-10 amyloidosis codes do
not allow definitive separation of AL amyloidosis from ATTR amyloidosis at the population level. Strata with suppressed
case counts (<10 deaths), as designated by CDC WONDER, were excluded from stratified analyses.

Demographic and Geographic Variables

Race and ethnicity were categorized according to U.S. Office of Management and Budget standards as non-Hispanic
(NH) White, NH Black or African American, Hispanic/Latino, and NH Other (including American Indian/Alaska Native
and Asian/Pacific Islander).'® Geographic variables included U.S. Census region (Northeast, Midwest, South, West) and
urbanization level based on the 2013 National Center for Health Statistics (NCHS) Urban—Rural Classification Scheme
(large metropolitan, medium/small metropolitan, nonmetropolitan/rural).?® State-year strata with suppressed death counts

were excluded from corresponding rate calculations.

Classification of Cardiovascular Mortality

Because multiple cardiovascular diagnoses may be listed on a single death certificate, we applied a mutually exclusive
hierarchical classification algorithm to assign each amyloidosis-related CVD death to a single primary subtype. Based on
clinical relevance in amyloid cardiomyopathy, the hierarchy prioritized HF, followed by AF, IHD, and other CVD.
Deaths listing HF were classified as HF regardless of additional cardiovascular codes; among remaining cases, AF was
assigned next, followed by IHD and then other CVD.

This hierarchy was specified a priori to reflect the clinical phenotype of cardiac amyloidosis, in which HF commonly
represents the dominant manifestation and final common pathway of advanced myocardial infiltration. AF was prioritized
next because atrial arrhythmias are frequent and clinically consequential in restrictive amyloid cardiomyopathy, followed
by IHD and other CVD categories. This approach ensured that subtype categories were nonoverlapping and collectively
exhaustive. It was intended to create mutually exclusive categories for descriptive trend analyses, rather than to assign

a definitive causal mechanism of death.

Statistical Analysis

Crude mortality rates (CMRs) and age-adjusted mortality rates (AAMRs) per 100,000 population were calculated with
95% confidence intervals (CIs) using direct standardization to the U.S. 2000 standard population. Subgroup-specific
AAMRs were estimated by sex, race/ethnicity, Census region, and urbanization level, while age-specific rates were
reported as crude rates.

Temporal trends in AAMRs from 1999 to 2023 were evaluated using log-linear joinpoint regression (Joinpoint
Regression Program, version 5.1.0.0; National Cancer Institute). Models allowed up to four joinpoints, with statistically
significant changepoints identified using Monte Carlo permutation testing (4,499 permutations; o = 0.05). Annual percent
changes (APCs) were estimated for each segment, and average annual percent changes (AAPCs) were calculated as
weighted averages across segments. Parallelism tests were used to compare trends across subgroups.
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Predictive Time-Series Modeling
To characterize potential future patterns, autoregressive integrated moving average (ARIMA) models were fitted to
annual AAMRs. Stationarity was assessed using the augmented Dickey—Fuller test, with log transformation or differen-
cing applied as appropriate. Optimal ARIMA (p,d,q) models were selected using the corrected Akaike Information
Criterion (AICc).>' Model adequacy was confirmed through residual diagnostics, including autocorrelation function
plots, partial autocorrelation function plots, and the Ljung—Box test.>***> The final model generated 10-year forecasts
(2024-2033) with 95% prediction intervals. Mortality patterns during 2020-2021 were highlighted to contextualize
potential disruptions related to the COVID-19 pandemic. These projections were intended to characterize potential future
population-level mortality patterns rather than to generate individual-level risk predictions.

The COVID-19 pandemic period was treated as a contextual disruption rather than as a formally modeled causal
intervention. Because only a limited number of post-pandemic observations were available through 2023, interrupted time-
series or segmented forecasting models were not used as the primary approach to estimate pandemic-specific effects.

Statistical Software

All analyses were conducted using R version 4.4.2 (R Foundation for Statistical Computing, Vienna, Austria). Time-
series analyses used the forecast and tseries packages. Temporal trend analyses were performed using the Joinpoint
Regression Program (version 5.1.0.0; National Cancer Institute).* Statistical significance was defined as two-sided P <
0.05. Subgroup analyses were exploratory and hypothesis-generating; no adjustments for multiple comparisons were
applied. Estimates for smaller racial and ethnic subgroups, particularly Hispanic/Latino and NH Other populations, were
interpreted cautiously because of smaller death counts and greater statistical uncertainty.

Ethical Considerations

This study was submitted to and reviewed by the Beijing Haidian Hospital Medical Ethics Committee, Beijing, China, in
accordance with the requirement for local ethics review of research involving human data, and was approved by the
committee (approval No. 2026-070; project No. M202667). The study used publicly available, de-identified, aggregate
mortality data from the CDC WONDER Multiple Cause-of-Death database, and no identifiable individual-level informa-
tion was accessed. Therefore, individual informed consent was waived/not required. All analyses complied with CDC
WONDER data-use policies and followed the STROBE reporting guidelines.

Results

Overall Mortality Trends

From 1999 to 2023, a total of 35,222 CVD-related deaths occurred among U.S. adults aged >45 years with amyloidosis,
corresponding to an overall AAMR of 1.12 per 100,000 population (95% CI: 1.06—1.18; Table 1). Over the 25-year
period, CVD-related mortality increased substantially, with an AAPC of 4.26% (95% CI: 3.98-4.68%).

Annual AAMRs increased from 0.80 per 100,000 in 1999 to 2.27 per 100,000 in 2023, representing an approximately
2.8-fold increase (Supplemental Table 1). Joinpoint regression identified four distinct temporal phases (Figure 1 and
Supplemental Table 2). Mortality rates remained stable from 1999 to 2011 (APC: 0.14%; P = 0.75), followed by
a gradual increase from 2011 to 2018 (APC: 6.41%; P = 0.09), a marked acceleration from 2018 to 2021 (APC: 15.04%;
P <0.001), and a continued increase from 2021 to 2023 (APC: 6.65%; P < 0.001). A pronounced increase was observed
during 2020-2021, temporally coinciding with the COVID-19 pandemic period.

Sex-Specific Mortality Trends
Throughout the study period, males consistently exhibited higher CVD-related mortality rates than females, accounting
for 61.0% of all CVD-related deaths among adults aged >45 years with amyloidosis (Table 1). Mortality rates increased
significantly over time in both sexes, with males demonstrating a higher AAPC over the 1999-2023 period.

Joinpoint regression analyses revealed distinct sex-specific temporal patterns (Figure 1 and Supplemental Table 2).

Among males, mortality rates were relatively stable during the early study period, followed by marked acceleration
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Table | Distribution and Temporal Trends in Cardiovascular Disease—Related
Mortality Among Adults with Amyloidosis in the United States, 19992023
Characteristic Deaths (n) | AAMR per 100,000 | AAPC
(95% CI) (95% CI)
Overall 35,222 1.12 (1.06, 1.18) 4.26 (3.98, 4.68)
Sex
Male 21,463 1.60 (1.49, 1.71) 4.87 (4.56, 5.52)
Female 13,759 0.74 (0.71, 0.84) 3.17 (2.56, 4.05)
Age group (years)
45-54 1,628 0.16 (0.12, 0.20) 0.13 (-0.57, 0.83)
55-64 4,244 0.49 (0.40, 0.55) 0.41 (—0.09, 0.99)
65-74 8,958 1.41 (1.26, 1.56) 221 (1.74, 2.82)
75-84 12,887 3.50 (3.20, 3.80) 5.30 (4.98, 5.73)
85+ 7,505 5.07 (4.52, 5.62) 8.60 (8.12, 9.35)
Race/ethnicity
NH White 25,673 1.04 (0.98, 1.10) 442 (4.05, 481)
NH Black 6,570 2.28 (1.99, 2.56) 5.15 (4.66, 5.77)
Hispanic/Latino 1,864 0.73 (0.56, 0.94) 3.87 (2.43, 5.50)
NH Other (AVAN, Asian/Pl) | 998 0.69 (0.47, 0.96) NA
Geographic region
Northeast 8,320 1.38 (1.23, 1.52) 5.17 (4.72, 5.77)
Midwest 8,305 1.21 (1.08, 1.34) 4.26 (3.76, 4.88)
South 10,137 0.87 (0.78, 0.96) 3.93 (3.55, 4.42)
West 8,460 124 (111, 1.38) 4.42 (4.04, 4.88)
Urban-rural status
Large metropolitan 14,531 1.08 (1.00, 1.17) 3.50 (2.95, 3.98)
Medium/small metropolitan 7,577 0.92 (0.82, 1.01) 3.48 (3.17, 3.86)
Rural 3,894 0.85 (0.72, 0.98) 2.56 (1.74, 3.43)

Notes: Urbanization level was classified according to the 2013 National Center for Health Statistics (NCHS)
Urban—-Rural Classification Scheme for Counties. Age-adjusted mortality rates (AAMRs) are reported per
100,000 population and were standardized to the 2000 U.S. standard population. AAPCs were not estimated
for strata with insufficient data stability.

Abbreviations: AAMR, age-adjusted mortality rate; AAPC, average annual percent change; Cl, confidence
interval; NH, non-Hispanic; AI/AN, American Indian/Alaska Native; PI, Pacific Islander; NA, not available.

beginning in the mid-2010s, with a pronounced increase from 2018 to 2021 and sustained elevation through 2023. In
contrast, females exhibited a more gradual upward trend through 2018, followed by significant acceleration from 2018 to
2023, with less pronounced peak acceleration than that observed among males.

Age-Specific Mortality Trends
Mortality rates increased progressively with age, with the oldest age group bearing the greatest burden (Table 1, Figure 2
and Supplemental Table 3). The AAMR among adults aged >85 years was approximately 32-fold higher than that among

adults aged 4554 years.
Temporal trends differed substantially across age groups (Figure 2 and Supplemental Table 2). Adults aged 45-64

years exhibited largely stable mortality rates over the study period, whereas older age groups demonstrated progressively
steeper increases. Adults aged 65-74 years experienced gradual increases from 2005 to 2017, followed by significant
acceleration thereafter (APC: 6.83%; P < 0.001). Similar but more pronounced patterns were observed among adults
aged 75-84 years, with sustained increases from 1999 onward and marked acceleration after 2012 (APC: 9.29%; P <
0.001). The most pronounced increases occurred among adults aged >85 years, particularly during 2018-2021 (APC:
30.32%; P < 0.001).
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Age-Adjusted Mortality Rate (per 100,000)

2000 2005 2010 2015 2020
Year
Both: 1999 to 2011 APC: 0.14 (~1.45 to 2.23); 2011 to 2018 APC: 6.41 (~1.64 to 8.13); 2018 to 2021 APC: 15.04 (5.37 to 17.34)"; 2021 to 2023 APC: 6.65 (3.19 to 11.86)"
Sex Female: 1999 to 2011 APC: -0.89 (~7.10 to 7.77); 2011 to 2018 APC: 4.82 (-5.45 to 9.24); 2018 to 2023 APC: 11.11 (7.21 to 18.93)"

Male: 1999 to 2004 APC: -0.49 (-5.24 to 5.99); 2004 to 2013 APC: 2.20 (-1.09 to 5.61); 2013 to 2018 APC: 8.17 (2.99 to 10.90)*; 2018 to 2021 APC:16.56 (13.40 to 19.01)*; 2021 to 2023 APC: 6.02 (2.18 to 10.18)"*

Figure | Overall and sex-specific trends in age-adjusted cardiovascular disease—related mortality among adults with amyloidosis in the United States, 1999-2023.
Notes: APC indicates annual percent change. Mortality rates are expressed per 100,000 population and age-adjusted to the 2000 U.S. standard population. Asterisks (*)
denote statistically significant trends (P < 0.05) identified by joinpoint regression analysis.

0

Crude Mortality Rate (per 100,000)

2000 2005 2010 2015 2020

45-54 years: 1999 to 2023 APC: 0.13 (-0.57 to 0.83)
55-64 years: 1999 to 2023 APC: 0.41 (-0.09 to 0.99)

Age Group 65-74 years: 1999 to 2001 APC: 9.17 (-2.09 to 18.37); 2001 to 2005 APC: -6.61 (-11.06 to 2.30); 2005 to 2017 APC: 1.90 (0.36 to 3.39)*; 2017 to 2023 APC: 6.83 (5.19 to 10.55)"
75-84 years: 1999 to 2012 APC: 2.05 (0.86 to 3.04)*; 2012 to 2023 APC: 9.29 (8.46 to 10.44)"

85+ years: 1999 to 2013 APC: 2.07 (-0.61 to 3.80); 2013 to 2018 APC: 13.64 (1.38 to 18.93)"; 2018 to 2021 APC: 30.32 (13.97 to 35.08)"; 2021 to 2023 APC: 13.82 (8.39 to 22.48)"

Figure 2 Age-specific trends in cardiovascular disease-related mortality among adults with amyloidosis in the United States, 1999-2023.
Notes: APC indicates annual percent change. Mortality rates are crude rates expressed per 100,000 population within each age group. Asterisks (¥) denote statistically
significant trends (P < 0.05) identified by joinpoint regression analysis.

Racial and Ethnic Disparities

Substantial racial and ethnic disparities were evident in CVD-related mortality among adults with amyloidosis (Table 1,
Figure 3 and Supplemental Table 4). NH Black adults exhibited the highest AAMR (2.28 per 100,000), more than twice
the rate observed among NH White adults (1.04 per 100,000). These disparities widened substantially over the study
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Age-Adjusted Mortality Rate (per 100,000)

2000 2005 2010 2015 2020
Year

Hispanic: 1999 to 2016 APC: 1.21 (-6.97 to 3.46); 2016 to 2023 APC: 10.64 (5.61 to 28.17)"
NH Black: 1999 to 2012 APC: 1.28 (-0.49 to 2.69); 2012 to 2023 APC: 9.92 (8.78 to 11.55)"

Race
NH White: 1999 to 2011 APC: 0.11 (-2.45 to 1.01); 2011 to 2017 APC: 5.89 (1.48 to 9.15)%; 2017 to 2023 APC: 12.02 (10.36 to 16.43)"

Figure 3 Race and ethnicity—specific trends in age-adjusted cardiovascular disease—related mortality among adults with amyloidosis in the United States, 1999-2023.
Notes: APC indicates annual percent change; NH denotes non-Hispanic. Mortality rates are expressed per 100,000 population and age-adjusted to the 2000 U.S. standard
population. Asterisks (*) denote statistically significant trends (P < 0.05) identified by joinpoint regression analysis.

period, with NH Black adults experiencing an approximately 3.5-fold increase in mortality rates, compared with 2.9-fold
and 1.9-fold increases among NH White and Hispanic/Latino adults, respectively.

Temporal patterns varied markedly by race and ethnicity (Figure 3 and Supplemental Table 2). NH Black adults
experienced stable rates through 2012, followed by marked acceleration thereafter (APC: 9.92%; P < 0.001). NH White
adults demonstrated a triphasic pattern: stable rates from 1999 to 2011, moderate increases from 2011 to 2017 (APC:
5.89%; P =0.01), and marked acceleration from 2017 to 2023 (APC: 12.02%; P < 0.001). Hispanic/Latino adults showed
stable rates through 2016, followed by significant increases thereafter (APC: 10.64%; P < 0.001). Notably, all racial and
ethnic groups experienced pronounced mortality surges during 20202021, temporally coinciding with the COVID-19
pandemic.

Geographic Region-Specific Mortality Trends
CVD-related mortality rates varied substantially across U.S. Census regions (Table 1, Figure 4 and Supplemental
Table 5). The Northeast exhibited the highest AAMR (1.38 per 100,000), followed by the West (1.24 per 100,000)
and Midwest (1.21 per 100,000), while the South had the lowest rate (0.87 per 100,000).

Temporal patterns demonstrated remarkable consistency across all regions despite baseline differences (Figure 4 and
Supplemental Table 2). All four regions exhibited stable or slowly increasing rates through the early-to-mid 2010s,

followed by marked acceleration thereafter. Joinpoint analyses identified region-specific inflection points occurring
between 2012 and 2014: Midwest (2012), Northeast (2013), and South and West (both 2014). Following these inflection
points, all regions experienced substantial acceleration with APCs ranging from 9.35% in the Midwest to 11.25% in the
South (all P < 0.001). Notably, the South demonstrated the steepest acceleration despite having the lowest baseline rates,
suggesting a convergence pattern in regional mortality burdens.

Urban-Rural Mortality Trends

Mortality patterns differed modestly across urbanization levels (Table 1, Figure 5 and Supplemental Table 6). Large
metropolitan areas exhibited the highest AAMR (1.08 per 100,000), followed by medium/small metropolitan areas
(0.92 per 100,000) and rural counties (0.85 per 100,000). All urbanization categories demonstrated increasing trends over

time, with AAPCs ranging from 2.56% in rural counties to 3.50% in large metropolitan areas.
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Age-Adjusted Mortality Rate (per 100,000)

o

2000 2005 2010 2015 2020
Year
Midwest: 1999 to 2012 APC: 0.13 (-1.78 to 1.56); 2012 to 2023 APC: 9.35 (8.08 to 11.27)"
Northeast: 1999 to 2013 APC: 2.21 (0.60 to 3.45)%; 2013 to 2023 APC: 9.45 (8.16 to 11.46)"
Census Region
South: 1999 to 2014 APC: ~0.23 (1.27 to 0.69); 2014 to 2023 APC: 11.25 (9.88 to 13.15)"

West: 1999 to 2014 APC: 0.90 (-0.13 to 1.79); 2014 to 2023 APC: 10.56 (9.31 to 12.28)"

Figure 4 U.S. Census region—specific trends in age-adjusted cardiovascular disease—related mortality among adults with amyloidosis, United States, 1999-2023.
Notes: APC indicates annual percent change. Mortality rates are expressed per 100,000 population and age-adjusted to the 2000 U.S. standard population. Asterisks (*)
denote statistically significant trends (P < 0.05) identified by joinpoint regression analysis.

0

Age-Adjusted Mortality Rate (per 100,000)

2000 2005 2010 2015 2020
Year

medium/small metropolitan: 1999 to 2013 APC: 0.35 (-0.37 to 1.01); 2013 to 2020 APC: 10.05 (8.72 to 11.87)"
Urbanization metropolitan: 1999 to 2007 APC: -0.83 (-4.44 to 0.79); 2007 to 2018 APC: 4.54 (3.05 to 5.77)"; 2018 to 2020 APC: 16.18 (8.73 to 20.27)"

rural counties: 1999 to 2012 APC: -0.25 (-3.16 to 1.39); 2012 to 2020 APC: 7.29 (4.77 to 13.47)"

Figure 5 Urbanization level-specific trends in age-adjusted cardiovascular disease—related mortality among adults with amyloidosis, United States, 1999-2023.
Notes: APC indicates annual percent change. Mortality rates are expressed per 100,000 population and age-adjusted to the 2000 U.S. standard population. Asterisks (¥)
denote statistically significant trends (P < 0.05) identified by joinpoint regression analysis.

Temporal patterns revealed important heterogeneity by urbanization level (Figure 5 and Supplemental Table 2). Large
metropolitan areas demonstrated a triphasic pattern: stable rates from 1999 to 2007, gradual increases from 2007 to 2018
(APC: 4.54%; P < 0.001), and marked acceleration from 2018 to 2020 (APC: 16.18%; P < 0.001). Medium/small
metropolitan areas showed stable rates through 2013, followed by significant acceleration thereafter (APC: 10.05%; P <
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0.001). Rural counties exhibited a biphasic pattern with stable rates through 2012, followed by acceleration from 2012 to
2020 (APC: 7.29%; P < 0.001).

Temporal Distribution of Cardiovascular Disease Subtypes
The composition of CVD-related deaths among adults with amyloidosis evolved substantially between 1999 and 2023
(Figure 6 and Supplemental Table 7). HF consistently accounted for the largest proportion of CVD-related deaths and

increased in both absolute numbers and relative contribution over time, whereas the proportional contribution of other
cardiovascular causes declined. AF and IHD also increased, particularly in later years.
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Figure 6 Temporal trends in cardiovascular disease subtypes among adults with amyloidosis in the United States, 1999-2023. (A-J) show annual death counts and
proportional distributions of cardiovascular disease (CVD) subtypes, stratified by population subgroup. (A and B) show the total population; (C and D), males; (E and F),
females; (G and H), adults aged <65 years; and Panels (I and J), adults aged 265 years. For each subgroup, the left panel shows annual death counts and the right panel shows
proportional composition. CVD subtypes include heart failure, atrial fibrillation/flutter;, ischemic heart disease, and other cardiovascular causes.

Notes: Proportions are calculated within each calendar year and sum to 100%. Death counts represent the absolute number of cardiovascular disease—related deaths among
decedents with amyloidosis. Data are derived from the CDC WONDER Multiple Cause-of-Death database.
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Figure 6 Continued.

Sex- and age-stratified analyses demonstrated broadly similar temporal patterns, with HF predominating across all
subgroups. However, females exhibited a more pronounced proportional increase in AF over time, and adults aged <65
years showed relatively higher contributions from IHD compared with older age groups, among whom HF was markedly
dominant throughout the study period.

State-Level Geographic Distribution and Temporal Trends
In 2023, marked geographic heterogeneity was observed in state-level CVD-related mortality among adults aged >45
years with amyloidosis in the United States (Figure 7 and Supplemental Table 8). Absolute death counts were highest in

several populous states, particularly Texas, Florida, California, and New York, whereas lower counts were observed in
less populous states and those with suppressed values due to small numbers.

In contrast, AAMRs demonstrated a distinct spatial pattern not strictly aligned with population size. The highest
AAMRs (>3.74 per 100,000) were concentrated in multiple states across the Northeast and Midwest, with moderately
elevated rates along parts of the Pacific coast, whereas relatively lower rates were observed across much of the South and
Mountain West regions.

Joinpoint regression analyses revealed substantial between-state variability in long-term temporal trends in CVD-
related mortality from 1999 to 2023 (Supplemental Table 2). Several large states exhibited prolonged periods of stable

mortality followed by significant acceleration in more recent years. In California, mortality rates remained stable from
1999 to 2014, followed by a significant increase from 2014 to 2023 (APC: 9.56%; P < 0.001). Florida demonstrated
a similar pattern, with nonsignificant changes through 2015 and marked acceleration thereafter (APC: 12.71%;
P < 0.001). Pennsylvania showed one of the steepest recent increases, with a pronounced rise beginning in 2014
(APC: 14.66%; P < 0.001). Illinois and Ohio experienced significant increases beginning in 2009 and 2007, respectively,
while New York exhibited a sustained upward trend throughout the entire study period (APC: 4.75%; P < 0.001).
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Figure 7 State-level cardiovascular disease—related mortality burden among adults with amyloidosis in the United States, 2023. (A) shows state-level death counts, and (B)
shows age-adjusted mortality rates.

Notes: AAMR indicates age-adjusted mortality rate. Mortality rates are expressed per 100,000 population and age-adjusted to the 2000 U.S. standard population. States
with fewer than 10 deaths are suppressed and labeled as NA to ensure confidentiality.

Southern and Southwestern states also demonstrated notable late-period accelerations. In Texas, mortality rates
remained stable through 2015, followed by a significant increase from 2015 to 2023 (APC: 11.17%; P < 0.001).
Collectively, these findings indicate pronounced state-level disparities in both the magnitude and timing of increases in
CVD-related mortality among adults with amyloidosis, with many states exhibiting sharp accelerations beginning in the
mid-to-late 2010s.

ARIMA-Based Mortality Forecasting
To project future CVD-related mortality among adults with amyloidosis, ARIMA modeling was applied to annual
AAMRs from 1999 to 2023. The observed time series demonstrated a sustained upward trajectory over the study period,
with a noticeable acceleration during 2020-2021 corresponding to the COVID-19 pandemic (Figure 8).

The original series was non-stationary and achieved stationarity after second-order differencing. The optimal ARIMA
(0,2,1) model was selected based on minimization of information criteria and satisfactory diagnostic performance.

Residual analyses indicated adequate model fit, with no evidence of significant autocorrelation.
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Figure 8 ARIMA-based projections of cardiovascular disease—related mortality among adults with amyloidosis in the United States, 1999-2033. Observed age-adjusted
mortality rates from 1999 to 2023 are shown along with ARIMA model-based projections for 2024-2033 and corresponding 95% prediction intervals.

Notes: ARIMA indicates autoregressive integrated moving average. Mortality rates are expressed per 100,000 population and age-adjusted to the 2000 U.S. standard
population. The COVID-19 pandemic period (2020-2021) is highlighted to distinguish pandemic-related perturbations from underlying long-term trends.
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Ten-year projections estimated a continued increase in CVD-related mortality through 2033 (Figure 8 and Supplemental
Table 9). The forecasted AAMR was 2.44 per 100,000 population (95% CI: 2.28-2.59) in 2024 and increased progressively to
3.96 per 100,000 (95% CI: 2.58-5.35) by 2033. Prediction intervals widened substantially over time, particularly after 2030,
reflecting increasing uncertainty in long-term forecasts. The COVID-19 period (2020-2021) was highlighted in the temporal

visualization to delineate pandemic-related deviations from the underlying long-term upward trend.

Discussion

This 25-year population-based analysis demonstrates a marked and sustained increase in cardiovascular mortality among
U.S. adults with amyloidosis, highlighting a growing and underrecognized public health burden, with a nearly threefold
rise between 1999 and 2023 and a pronounced acceleration beginning in the late 2010s. Notably, this pattern was
remarkably consistent across sex, age, race and ethnicity, geographic region, and urbanization level, underscoring the
growing population-level impact of cardiac involvement in contemporary amyloidosis. HF accounted for the majority of
cardiovascular deaths throughout the study period, while AF and IHD contributed increasingly over time, reflecting an
evolving and multifaceted cardiac phenotype.

These findings extend prior epidemiologic studies that largely focused on selected clinical cohorts, hospitalization-based
samples, or specific amyloidosis subtypes. Previous work has documented rising recognition of cardiac amyloidosis,
particularly transthyretin-related disease, and increasing HF hospitalizations among older adults with amyloidosis.'>?°¢
However, comprehensive population-level assessments of long-term cardiovascular mortality trends across demographic and
geographic strata have remained limited. By leveraging nationally representative mortality data spanning a quarter century,
our analysis demonstrates convergent temporal acceleration across diverse subgroups, suggesting that shared national-level
forces, rather than subgroup-specific phenomena, are driving contemporary mortality patterns.

The acceleration observed in the mid-to-late 2010s likely reflects the convergence of diagnostic, demographic, and
biological factors. The widespread adoption of technetium-99m pyrophosphate scintigraphy beginning around 2015,
along with heightened clinical awareness following landmark consensus statements and evolving diagnostic algorithms,
substantially improved the detection of cardiac involvement, particularly transthyretin amyloid cardiomyopathy.®'>%
Concurrently, advances in systemic amyloidosis therapy have extended survival,'*?® potentially allowing progressive
myocardial infiltration to emerge as the dominant determinant of late mortality.

Ascertainment bias should also be considered when interpreting the observed temporal increase. Greater clinical
awareness of cardiac amyloidosis, broader use of noninvasive diagnostic pathways, improved access to nuclear
scintigraphy in selected settings, and increased recognition of amyloidosis on death certificates may have contributed
to higher detection and reporting over time. Therefore, part of the observed rise in CVD-related mortality involving
amyloidosis may reflect improved diagnostic ascertainment rather than a true increase in disease incidence or case
fatality alone. Nevertheless, the magnitude, persistence, and consistency of the increase across multiple demographic and
geographic strata suggest that improved ascertainment is unlikely to fully explain the observed national trends.

Several additional factors support this interpretation. The acceleration extended beyond the initial period of diagnostic
diffusion, and similar upward trajectories were observed despite marked regional variation in access to advanced imaging and
specialized centers, arguing against recognition bias as the sole explanation. Population aging represents a critical underlying
driver, as the U.S. population aged 65 years and older expanded substantially during the study period,'® and both major
amyloidosis subtypes exhibit strong age-dependent incidence.'® In addition, the rising prevalence of cardiometabolic multi-
morbidity likely amplifies vulnerability to cardiovascular decompensation once myocardial infiltration is established, while
delayed access to specialized care limits opportunities for timely diagnosis and early intervention.

The continued rise in population-level cardiovascular disease-related mortality involving amyloidosis in the era of
expanding diagnostic and therapeutic options warrants further investigation.”” >* However, because this study did not
include individual-level data on diagnostic testing, treatment exposure, treatment timing, or therapeutic access, these
findings should not be interpreted as evidence that recent therapeutic advances failed to reduce mortality. Rather, the
observed trends highlight the need to examine whether diagnostic and therapeutic advances are reaching affected

populations equitably and early enough to influence population-level outcomes.*'~*
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The predominance of HF as the leading cardiovascular subtype should be interpreted in the context of our mutually
exclusive hierarchical classification strategy. Because HF was prioritized over AF and IHD when multiple cardiovascular
codes appeared on the same death certificate, the relative contribution of HF may have been reinforced by this classification
approach. This hierarchy was chosen a priori because HF is a central clinical manifestation of amyloid cardiomyopathy and
often represents the final common pathway of advanced cardiac involvement. Therefore, subtype-specific proportions should
be interpreted as mutually exclusive categories assigned according to this predefined hierarchy, rather than as the full burden of
each cardiovascular condition listed on death certificates. The predominance of HF as the leading cause of cardiovascular
death aligns with the restrictive cardiomyopathy characteristic of amyloid infiltration.>**> Progressive extracellular deposition
results in ventricular stiffening, impaired diastolic filling, reduced ventricular compliance, and ultimately fixed stroke-volume
physiology. In contrast to other cardiomyopathies in which systolic dysfunction predominates early, cardiac amyloidosis
frequently presents with preserved or only mildly reduced ejection fraction, thereby limiting the effectiveness of conventional
guideline-directed HF therapies.*® Once clinically overt HF develops, prognosis deteriorates substantially. Together, these
pathophysiologic features help explain why HF remains the dominant cardiovascular cause of death in amyloidosis and
underscore the importance of population-level strategies emphasizing earlier recognition rather than late-stage management.

The increasing contribution of atrial arrhythmias likely reflects extensive atrial infiltration, fibrosis, and chamber
dilation, which together create a substrate for electrical instability.*’*® In patients with restrictive physiology, loss of
coordinated atrial contraction can precipitate abrupt hemodynamic decompensation, while the exceptionally high
thromboembolic risk associated with cardiac amyloidosis further contributes to mortality.***** The more pronounced
proportional increase in atrial arrhythmia—related mortality among females represents a novel observation and suggests
potential sex-specific differences in disease manifestation, recognition, or management that warrant further investigation.

Rising IHD mortality among individuals with amyloidosis likely reflects mechanisms extending beyond epicardial
atherosclerosis. Amyloid deposition within intramural coronary vessels leads to microvascular obstruction and impaired
coronary flow reserve, resulting in myocardial ischemia even in the absence of obstructive coronary artery disease.*'**
This microvascular dysfunction is further exacerbated by increased myocardial mass and elevated myocardial oxygen
demand, creating a persistent supply—demand mismatch. Together, these mechanisms highlight the expanding cardio-
vascular complexity of amyloidosis, in which multiple interrelated processes contribute to adverse outcomes. From
a population health perspective, recognition of these nontraditional ischemic pathways has important implications for
cardiovascular risk stratification and surveillance in individuals with amyloidosis.

The pronounced age gradient observed in this analysis, with dramatically higher mortality among the oldest adults,
reflects cumulative amyloid deposition, progressive cardiac dysfunction, and diminishing physiologic reserve.** The
particularly steep acceleration among adults aged 85 years and older during the late 2010s suggests heightened
vulnerability to both disease progression and healthcare disruptions. In contrast, relatively stable mortality among
middle-aged adults may reflect later disease manifestation or persistent underdiagnosis in younger populations. Given
that disease-modifying therapies confer the greatest benefit when initiated early, these findings reinforce the importance
of diagnostic vigilance across the age spectrum.

Sex-based differences in mortality further highlight important epidemiologic patterns. The consistently higher

15:34.44 whereas under-

mortality among males likely reflects the higher prevalence of transthyretin amyloidosis in men,
recognition of infiltrative cardiomyopathy in women presenting with atypical phenotypes may contribute to delayed
diagnosis. The increasing relative contribution of atrial arrhythmias among females over time underscores the need for
heightened attention to rhythm surveillance and anticoagulation strategies in this population.

The most concerning finding of this analysis is the marked and widening racial disparity in cardiovascular mortality,
with NH Black adults experiencing more than twice the mortality rate of NH White adults. While the higher prevalence
of the p.Vall42lle transthyretin variant among individuals of African ancestry contributes to elevated baseline risk,* **
genetic factors alone cannot explain the progressive widening of disparities over time. Structural barriers, including
delayed diagnosis, reduced access to advanced imaging and specialized centers, higher comorbidity burden, and
inequitable access to disease-modifying therapies, are likely central contributors.*”>® Without deliberate efforts to
address these systemic inequities, ongoing diagnostic and therapeutic advances risk exacerbating existing disparities

rather than mitigating them.”'
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Geographic analyses revealed substantial heterogeneity in baseline mortality rates, yet temporal patterns were
strikingly similar across regions. Inflection points clustered tightly in the mid-2010s, followed by parallel acceleration
across all Census regions, strongly suggesting that national-level forces rather than region-specific factors are driving
contemporary trends.”’ Urban—rural gradients were modest. Lower observed mortality rates in rural areas may reflect
differences in diagnostic recognition, death certificate coding, access to specialized diagnostic resources, or true
differences in disease burden.”? Because CDC WONDER does not include individual-level diagnostic or healthcare
access data, these explanations remain speculative and require further evaluation in clinically adjudicated datasets.

The pronounced mortality surge observed during 2020-2021 highlights heightened vulnerability among individuals
with cardiac amyloidosis during the COVID-19 pandemic. Limited cardiac reserve, susceptibility to inflammatory and
thrombotic complications, and disruptions in access to specialized care likely contributed synergistically.®>> The
disproportionate pandemic impact on medically underserved communities may have further amplified existing racial
and socioeconomic disparities.’®’ Importantly, mortality rates did not return to pre-pandemic baseline but continued
rising through 2023, raising concern that the pandemic may have accelerated underlying trajectories or produced lasting
downstream effects on disease progression and healthcare delivery.

These findings may help inform clinical awareness and public health prioritization. In particular, they suggest the
potential value of improved recognition of cardiac involvement in amyloidosis, especially among populations with higher
observed mortality rates or limited access to specialized care. However, because the present analysis is based on mortality
surveillance data, it cannot directly evaluate the effectiveness of screening, diagnostic pathways, or therapeutic inter-
ventions. Future research using clinically adjudicated cohorts, registry-linked data, or datasets with validated amyloidosis
subtype information is needed to distinguish cardiovascular mortality patterns in AL amyloidosis from those in ATTR
amyloidosis. Such subtype-specific analyses would help identify whether prevention, diagnostic, and therapeutic efforts
should be prioritized differently across these clinically distinct diseases.

Several limitations warrant consideration. Death certificate data are subject to potential misclassification of both amyloi-
dosis and cardiovascular causes, particularly in earlier years when clinical awareness was more limited. The validity of
amyloidosis diagnoses based on ICD-10 codes E85.0-E85.9 could not be independently verified in this database. Although
these codes are appropriate for national mortality surveillance, death certificate—based ascertainment may be affected by
underdiagnosis, coding variation, and incomplete recognition of amyloidosis, particularly in earlier years. Future validation
using individual-level data linked to electronic health records, amyloidosis registries, pathology reports, genetic testing,
cardiac imaging, treatment records, and the National Death Index would help determine whether the observed temporal and
subgroup patterns reflect true differences in disease burden, differences in diagnostic recognition, or both. In addition, our
definition of CVD-related death was based on the presence of any CVD-related ICD-10 code anywhere on the death
certificate, including both underlying and contributing causes of death. Therefore, some included deaths may represent
cases in which cardiovascular disease coexisted with amyloidosis but was not necessarily the principal driver of death.
Accordingly, our findings should be interpreted as mortality involving both amyloidosis and CVD on death certificates, rather
than strictly cardiovascular-attributable mortality. Although an underlying-cause-only sensitivity analysis may help bound the
influence of broader multiple-cause-of-death coding, such a restrictive definition may underestimate the burden of amyloi-
dosis-associated cardiovascular mortality because amyloidosis may contribute substantially to death without being selected as
the underlying cause. Future studies comparing multiple-cause and underlying-cause definitions, ideally with individual-level
clinical validation, are warranted. Furthermore, the distribution of cardiovascular subtypes was influenced by the mutually
exclusive hierarchical classification algorithm. Because HF was prioritized over AF and IHD when multiple cardiovascular
diagnoses were present, HF may be overrepresented relative to AF or IHD in subtype-specific analyses. Thus, subtype
proportions should be interpreted as hierarchy-assigned categories rather than direct estimates of the total frequency of each
cardiovascular condition among decedents with amyloidosis. The absence of individual-level clinical data precludes assess-
ment of amyloidosis subtype, cardiac biomarker stage, disease severity, treatment exposure, and care pathways, fundamentally
limiting causal inference. In particular, we could not conduct separate analyses for AL amyloidosis and ATTR amyloidosis
because death certificate data do not consistently record amyloidosis subtype, and ICD-10 coding in CDC WONDER does not
reliably distinguish these clinically distinct entities. Consequently, the observed mortality patterns should be interpreted as
aggregate population-level trends among decedents with amyloidosis rather than subtype-specific estimates for AL or ATTR
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amyloidosis. We cannot distinguish whether rising mortality reflects increasing disease incidence, worsening case-fatality
rates, or both. Temporal increases may partially reflect improved diagnostic recognition rather than true increases in disease
burden, though the magnitude, consistency, and persistence of trends across diverse subgroups suggest that substantial genuine
increases have occurred. Suppression of small cell counts necessitated exclusion of some strata from analyses, potentially
introducing selection bias. Although the 2020-2021 period was highlighted to contextualize potential pandemic-related
disruptions, this study did not formally isolate the causal effect of COVID-19 on amyloidosis-associated cardiovascular
mortality. Interrupted time-series or segmented forecasting approaches may be useful in future analyses as additional post-
pandemic years become available, but the limited number of post-pandemic observations in the current dataset constrained
reliable estimation of pandemic-specific level or slope changes. Finally, mortality projections assume continuation of
historical patterns and cannot account for transformative changes in clinical practice that may fundamentally alter future
trajectories. These limitations underscore the critical need for prospective studies that link diagnostic information, genetic
testing results, treatment exposure, and longitudinal outcomes.

Conclusions

In conclusion, cardiovascular disease—related mortality involving amyloidosis among U.S. adults has risen substantially
over the past 25 years, representing a growing national public health challenge characterized by accelerating trends and
persistent disparities. These findings highlight the need for continued population-level surveillance and further studies to
clarify the relative contributions of true disease burden, diagnostic ascertainment, healthcare access, and therapeutic
uptake to observed mortality patterns. Future studies incorporating validated amyloidosis subtype information are also
needed to distinguish cardiovascular mortality patterns in AL amyloidosis and ATTR amyloidosis and to better define
subtype-specific priorities for prevention, diagnosis, and treatment.
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