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Overview 

Iron contributes to a variety of biological processes, such as oxygen transport, 

mitochondrial respiration, and free radical protection with particular importance in cells with 

high energy requirements, such as cardiomyocytes.(1) People with iron deficiency suffer 

from a range of symptoms, including fatigue, dizziness, pallor, restless leg syndrome, and 

even pica, among many others.(2) Iron deficiency is the most common nutritional disorder 

worldwide and affects many children and young women in low and middle-income countries.  

Iron deficiency also affects many older adults, in whom gastrointestinal blood loss, and 

decreased iron absorption account for most cases.(3,4) In late life, reduced iron stores are 

associated with a higher risk of impaired physical and cognitive capacity and mortality.(5–

10) Iron deficiency can be diagnosed using readily available blood biomarkers and can be 

treated using oral supplements and intravenous iron products.(2) Given the widespread 

prevalence of iron deficiency and the ability to identify and manage iron deficiency cases, 

studying the effects of iron deficiency may have important public health implications. 

Iron metabolism plays an important role in cardiomyocyte function given the high 

energy requirements of this cell type. In patients with chronic heart failure, iron deficiency is 

associated with impaired functional capacity and higher risks of heart failure hospitalization 

and death independent of anemia.(11) Like heart failure, the prevalence of iron deficiency 

increases with older age.(12) Nevertheless, the role of iron deficiency in the development of 

subclinical cardiac dysfunction and its progression to incident heart failure in late life remains 

unknown. 

While the gold standard method for iron deficiency diagnosis is the assessment of iron 

in bone marrow biopsy, blood biomarkers are routinely used in clinical practice. Circulating 

ferritin levels are used to diagnose total body iron stores.(13) Hepcidin regulates plasma and 
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tissue iron levels(14) by degrading and blocking iron binding to the iron exporter 

ferroportin.(15) Ferritin may provide insight into absolute iron deficiency, whereas hepcidin 

may allow assessment of functional iron deficiency. 

I sought to assess the relationships between plasma ferritin and hepcidin with incident 

heart failure (manuscript 1) and subclinical cardiac dysfunction (manuscript 2) and among 

older adults in the Atherosclerosis Risk in Communities (ARIC) study, an ongoing, 

longitudinal, observational cohort study of adults in four communities across the United 

States. 
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Abstract 

Background: Whether iron deficiency may contribute to incident heart failure (HF) has 

important implications given the prevalence of iron deficiency and the availability of several 

therapeutics for iron repletion. 

Methods: We studied participants attending Visit 5 of the ongoing, observational cohort 

Atherosclerosis Risk in Communities study who were free from prevalent HF and anemia. 

The associations of plasma ferritin levels and plasma hepcidin levels with incident HF overall 

and HF with preserved and reduced ejection fraction (HFpEF and HFrEF) occurring after 

Visit 5 were estimated with Cox proportional hazards regression models adjusted for 

demographics and HF risk factors. 

Results: In the study cohort including 3,472 participants, 56% were women and 14% were 

Black (mean age was 75±5 years). In fully adjusted models, a 50% lower plasma ferritin level 

was associated with an estimated 1.20-times higher risk of incident HF overall (HR [95% 

CI]: 1.20 [1.08-1.34]), an estimated 1.28-times higher risk of incident HFpEF (HR [95% CI]: 

1.28 [1.09-1.50]). A 50% lower plasma hepcidin level was associated with a 1.15-times 

higher risk of incident HF overall (HR [95% CI]: 1.15 [1.05-1.26]; P=0.003) and a 1.25-times 

higher risk of incident HFpEF (HR [95% CI]: 1.25 [1.10-1.42]; P=0.001). Plasma ferritin and 

hepcidin levels were not associated with a higher risk of HFrEF. 

Conclusion: Lower plasma ferritin levels and plasma hepcidin levels are associated with a 

higher risk of incident heart failure in older adults without anemia.   
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Introduction 

The burden of heart failure (HF), in particular HF with preserved ejection fraction 

(HFpEF), disproportionately affects older adults.(1) The prevalence of HF increases with age 

and HF is considered the leading cause of hospitalization among adults aged 65 years or 

older.(1) Iron contributes to oxygen transport as well as mitochondrial respiration and free 

radical protection in cells with high energy requirements, such as cardiomyocytes.(2) Older 

adults, even in high-income countries, have a high prevalence of iron deficiency.(3,4) In late 

life, reduced iron stores are associated with a higher risk of poor outcomes, such as impaired 

physical and cognitive capacity.(5)  

The association between iron metabolism and incident HF overall, HF with reduced 

ejection fraction (HFrEF) and HFpEF in late life remains incompletely understood. The 

inflammatory milieu of HF increases hepcidin levels and leads to functional iron 

deficiency.(6) Patients with established HF have an increased risk of iron deficiency and iron 

deficiency in HF is associated with impaired functional capacity and a higher risk of HF 

hospitalization and death independent of anemia status.(6) The associations of iron status and 

the development of incident HF, however, remain incompletely understood.(7–9)  

Understanding the relationship between iron metabolism and HF in older adults at risk 

for incident HF may have clinical implications given the availability of routine blood tests for 

iron deficiency and several therapeutics for iron repletion. Different aspects of iron 

metabolism can be assessed through different plasma biomarkers. Serum ferritin reflects total 

body iron stores and can be used to diagnose iron deficiency.(10) Plasma and tissue iron 

levels are regulated by hepcidin, which degrades the iron exporter ferroportin in 

macrophages, enterocytes, and hepatocytes.(11) Hepatic hepcidin production increases to 

protect against iron overload and decreases in states of iron deficiency.(12) Since the heart 

regulates its own iron levels using paracrine hepcidin signaling, systemic hepcidin levels may 
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represent iron metabolism in peripheral tissues.(13,14)  This study sought to estimate the 

associations of plasma ferritin levels and plasma hepcidin levels with incident HF overall, 

incident HFrEF and incident HFpEF in older adults. 

Methods 

Study Cohort 

The Atherosclerosis Risk in Communities (ARIC) study is an ongoing, longitudinal, 

observational cohort study of 15,792 community-dwelling adults between the ages of 45 and 

64 years who were enrolled in 1987-1989 (Visit 1) from four different US centers: Forsyth 

County, North Carolina; Washington County, Maryland; suburban Minneapolis, Minnesota 

and Jackson, Mississippi(15). The study protocol was approved by each participating 

institution’s Institutional Review Board. Written informed consent was obtained from all 

participants. 

ARIC participants who attended Visit 5 (2011-2013) were included in the present 

analysis if they had no history of HF, did not have anemia (hemoglobin less than 13 mg/dL 

for men and less than 12 mg/dL for women(16)) and had available plasma ferritin, plasma 

hepcidin and covariate measurements. Anemia was considered a potential mediator and 

therefore, participants with prevalent anemia were excluded.  

Exposures 

The primary exposures were plasma levels of ferritin light chain and hepcidin. The 

secondary exposure was plasma levels of ferritin heavy chain/light chain complex. All three 

biomarkers were measured using modified aptamers (SomaScan v4 Platform; Somalogic, 

Boulder, Colorado) and quantified on a relative scale. The aptamer targeting the ferritin light 

chain and hepcidin were designated as primary exposures, given greater confidence in their 

accuracy based on the identification of cis-protein quantitative trait loci for these aptamers 
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(Supplemental Table 1).(17,18) Quality control and normalization of SomaScan-based 

aptamer concentrations in ARIC have been reported previously.(19,20) 

Outcomes 

The main outcome was incident HF overall, defined as the first occurrence of 

hospitalization for HF or HF death after Visit 5. Potential HF hospitalization events were 

identified through annual telephone follow-up calls through 2012 and semi-annual calls 

thereafter, interviews at study visits and manual review of local hospital discharges and 

health department death certificates.(21) Medical records with relevant diagnostic codes were 

obtained and abstracted by trained staff. All HF events were adjudicated by two physicians 

according to previously reported definitions based upon the presence of signs and symptoms, 

as well as imaging, evidence of HF and the response to HF treatments.(21) Using LVEF 

measurements obtained during the HF hospitalization, incident HF events were categorized as 

HFpEF (left ventricular ejection fraction [LVEF] greater than or equal to 50%), HFrEF 

(LVEF less than 50%) and unknown LVEF. Deaths were identified through ARIC 

surveillance, the National Death Index and hospital discharge lists for in-hospital deaths. 

Follow-up began on the date of the participant’s Visit 5 and ended on the date of incident HF, 

loss to follow-up, death, December 31, 2019 (Forsyth County, Hagerstown and suburban 

Minneapolis Field Centers), December 31, 2017 (Jackson Field Center, where there have 

been delays in obtaining more recent information on hospitalizations).  

Covariates assessment 

Participants self-reported age, gender, race and smoking status (current, former, or 

never). Hypertension was defined as anti-hypertensive medication use or study blood 

pressure measurements indicative of hypertension (≥140/90 mmHg). Diabetes mellitus was 

defined as self-report of a physician diagnosis of diabetes mellitus, glucose-lowering 

medication use, fasting glucose level of at least 126 mg/dL or non-fasting glucose level of at 
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least 200 mg/dL. Atrial fibrillation cases were identified through review of discharge 

summary ICD-9 and ICD-10 codes. Prevalent atrial fibrillation was defined as hospitalization 

with a discharge diagnosis of atrial fibrillation in the absence of concurrent cardiac surgery. 

Prevalent coronary heart disease included definite or probable cases of fatal or non-fatal 

myocardial infarction adjudicated by two physician reviewers based upon review of cardiac 

pain, electrocardiogram findings and cardiac enzyme levels or electrocardiogram evidence of 

a prior myocardial infarction. Measurements of hemoglobin, creatinine, cystatin C, C-reactive 

protein, aspartate and alanine aminotransferase (Visit 4 [1996-1998] only), low density 

lipoprotein cholesterol and N-terminal pro-B-type natriuretic peptide (NT-proBNP) have been 

described previously.(22–30)  

Estimated glomerular filtration rate (eGFR) was calculated using the serum 

creatinine- and cystatin C-based 2012 CKD-EPI equation.(31) Iron deficiency treatments 

(iron supplements and erythropoietin stimulating agents), aspirin use and oral anticoagulant 

use was recorded using the medication containers brought to the study visit by participants. 

Elevated liver enzyme levels (measured at Visit 4 only) were defined as at least one of 

aspartate aminotransferase or alanine aminotransferase above the gender-specific upper limit 

of normal for this assay (men: >41 units/L for alanine aminotransferase and >37 for aspartate 

aminotransferase; women: >31 units/L for alanine and aspartate aminotransferase).(28) 

Prevalent cancer was defined as a self-reported cancer diagnosis that was made between June 

2011 and the date of Visit 5. Self-reported alcohol drinking status was defined as current, 

former, and never drinker. Body mass index and waist-to-hip ratio measurements were 

previously detailed.(32) 

Statistical Analysis 

Data were summarized as number and percentage, means and standard deviations or 

medians and [25th,75th percentiles] as appropriate. Characteristics of study participants were 
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compared across quartiles of ferritin levels and hepcidin levels using Cochran-Armitage non-

parametric trend test for binary variables, and linear regression for continuous normal 

variables and Cuzick test for trend for categorical variables and non-normally distributed 

variables. All ferritin and hepcidin levels were log2-transformed and multiplied by negative 

one prior to analysis so that hazard ratios corresponded to 50% lower plasma ferritin and 

hepcidin levels.  

The associations between plasma ferritin and hepcidin levels with incident HF, 

HFpEF, HFrEF and the composite of all-cause death and incident HF and were estimated 

using cause-specific hazard ratios from Cox proportional hazards regression models. Model 1 

included age, gender and the interaction of race and field center. Model 2 included smoking 

status, body mass index, diabetes mellitus, hypertension, atrial fibrillation, coronary heart 

disease, eGFR and log10-transformed C-reactive protein. The proportionality of hazards was 

assessed by examination of Schoenfeld residuals over time. Effect modification by age 

(above and below the median; 75 years), gender and eGFR (greater than or equal to vs. less 

than 60 mL/min per 1.73 m2) was assessed using multiplicative interaction terms. Non-linear 

associations of ferritin and hepcidin with incident HF and HF subtypes were considered using 

restricted cubic splines. We assessed the fits of models with 3-, 4- and 5-knot spline 

transformations of plasma ferritin or hepcidin levels using the Bayesian information criterion. 

A likelihood ratio test compared the fit of the spline transformation model with the lowest 

Bayesian information criterion value to the linear ferritin or hepcidin models.  

We performed several sensitivity analyses. We further adjusted the Cox proportional 

hazards regression models for hemoglobin levels and additional confounders that were 

measured at Visit 4 but not Visit 5 (alanine aminotransferase and aspartate aminotransferase 

levels), were self-reported (alcohol use history as categorical variable and current cancer 

diagnosis, aspirin use, oral anticoagulant use, iron deficiency treatment use as binary 
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variables) or were reported in previous publications as potential confounders (LDL 

cholesterol and prior stroke). We repeated the analyses after categorizing all incident HF 

cases with unknown LVEF as either HFpEF or HFrEF. We used the ferritin heavy chain/light 

chain-targeting aptamer instead of the ferritin light chain aptamer. A separate analysis was 

performed while additionally adjusting for hepcidin in the ferritin main Model 2 and vice 

versa. We also adjusted for Model 2 covariates but including waist-to-hip ratio instead of 

body mass index. We repeated the analyses by further adjusting Model 2 to log10-NT-

proBNP. We compared the ferritin and hepcidin levels as categorical variables once by 

comparing different quartiles to quartile 4 as the referent, second by comparing quartile 1 to 

quartiles 2 through 4 to as the referent. 

All analyses were performed using Stata version 17.0 (College Station, TX: StataCorp 

LLC). A P-value less than 0.05 was considered statistically significant. 

Results 

Participant Characteristics 

The study cohort included 3,472 participants (56% women) with a mean age of 75 ± 5 

years (Supplemental Figure 1). Participants with lower plasma ferritin levels were more 

likely to be women and had lower body mass index, lower eGFR and lower hemoglobin 

levels (Table 1). Participants with lower plasma hepcidin levels were also more likely to be 

women (Supplemental Table 2). Lower plasma hepcidin levels associated with higher eGFR 

and lower CRP (Supplemental Table 2). Characteristics of participants who were and were 

not included in the analyses are summarized in Supplemental Table 3.  

Associations of Plasma Ferritin Levels with Incident Heart Failure and Heart Failure 

Subtypes 

Over a median follow-up of 7.2 years, 293 incident HF events occurred (incidence 

rate [IR] [95% confidence interval, CI] per 1,000 person-years: 12.6 [11.3-14.2]), including 
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131 HFrEF events, 131 HFpEF events and 31 events with unknown LVEF. In models that 

included demographic characteristics and clinical risk factors (Model 2), a 50% lower plasma 

ferritin level was associated with an estimated 20% higher risk of incident HF overall (HR 

[95% CI]: 1.20 [1.08-1.34]) and an estimated 28% higher risk of incident HFpEF (HR [95% 

CI]: 1.28 [1.09-1.50]; P=0.002), but not with a statistically significantly higher risk of 

incident HFrEF (HR [95% CI]: 1.16 [0.99-1.36]; P=0.07) (Table 2) (Figure 1).  

There was no evidence of modification of the plasma ferritin level associations with 

incident HF, HFrEF and HFpEF by age, gender or eGFR less than 60 mL/min per 1.73 m2 

status (Supplemental Table 4). Modeling plasma ferritin levels with restricted cubic splines 

did not provide evidence of non-linear associations with HF, HFrEF or HFpEF. Assigning 

incident HF cases with an unknown LVEF to either the HFrEF or HFpEF category did not 

change the overall results (Supplemental Table 5). Ferritin levels did not associate with the 

risk of all-cause death alone or the composite of all-cause death or incident HF 

(Supplemental Table 5). Results were consistent after further adjustment for abnormal liver 

enzyme levels, current cancer, alcohol use, antithrombotic use, iron deficiency treatment use, 

LDL cholesterol and stroke history (Supplemental Table 6). Plasma ferritin levels were not 

associated with the risk of incident HF or HF subtypes in models that included plasma 

hepcidin levels (Supplemental Table 6). Adjusting for waist-to-hip ratio in lieu of BMI 

(Model 5) and additionally for NT-proBNP (Model 6) strengthened all associations 

(Supplemental Table 6). Using the ferritin heavy chain/light chain complex aptamer instead 

of the ferritin light chain aptamer provided similar results for the associations with incident 

HF, HFrEF and HFpEF (Supplemental Table 7). Results were consistent when ferritin was 

modeled as an ordinal variable across quartiles and a dichotomous variable (Supplemental 

Table 8) (Supplemental Figure 2). 
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Associations of Plasma Hepcidin Levels with Incident Heart Failure and Heart Failure 

Subtypes 

In models that included demographic characteristics and HF risk factors, a 50% lower 

plasma hepcidin level was associated with a 15% higher risk of incident HF overall (HR 

[95% CI]: 1.15 [1.05-1.26]; P=0.003) and a 25% higher risk of incident HFpEF (HR [95% 

CI]: 1.25 [1.10-1.42]; P=0.001) (Table 3, Figure 2). Plasma hepcidin levels were not 

associated with the risk of incident HFrEF (Table 3). 

No evidence of effect modification of the association of plasma hepcidin levels with 

incident HF and its subtypes by age, gender or eGFR was detected (Supplemental Table 4). 

Restricted cubic spline models provided no evidence of non-linear associations of plasma 

hepcidin with incident HF and its subtypes. The overall results did not change after assigning 

cases with incident HF and unknown LVEF to either HFrEF or HFpEF group or for the 

composite of death or incident HF (Supplemental Table 5). Further adjustment for self-

reported current cancer, stroke history, abnormal liver enzyme levels, LDL cholesterol levels, 

alcohol use, antithrombotic use and iron deficiency treatment use (Model 3) did not alter the 

associations between hepcidin and incident HF (Supplemental Table 6). Plasma hepcidin 

levels did not associate with the risk of incident HF, HFrEF or HFpEF in models that 

included plasma ferritin levels (Supplemental Table 6). Adjusting for waist-to-hip ratio 

instead of BMI (Model 5) yielded similar results (Supplemental Table 6). Adjusting for NT-

proBNP (Model 6) strengthened all the associations (Supplemental Table 6). Similar results 

were obtained in models with hepcidin as a categorical or dichotomous variable 

(Supplemental Table 8) (Supplemental Figure 4). 

Discussion 

This observational cohort study found independent associations between lower 

plasma ferritin and hepcidin levels and higher risks of incident HF and HFpEF in older adults 
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without a history of HF or prevalent anemia. These associations were robust to adjustment for 

a wide range of potential confounders and were consistent across ages, genders and eGFR 

category. These results support the hypothesis that lower iron stores contribute to the 

pathogenesis of incident HF and more specifically HFpEF in late life and indicate the need to 

study the effects of iron supplementation on cardiac structure and function and the risk of 

incident HF in older adults without anemia. 

Previous studies found inconsistent evidence on the relationship between plasma 

ferritin levels and incident HF. An analysis of the PREVEND study, which enriched for 

individuals with albuminuria, found an association between lower ferritin levels and lower 

HF risk among women, but not among men.(7) On the other hand, a U-shaped association 

between ferritin levels and risk of incident HF was observed in an analysis of a subset of 

ARIC Visit 1 men and women with available plasma ferritin levels (n = 1,063 of 15,792).(8) 

A propensity-scored weighted analysis of 31,819 Veterans (mostly men) with chronic kidney 

disease found that absolute and functional iron deficiency, but not elevated iron stores, 

associated with a higher risk of HF hospitalization.(9) Our results support a monotonic 

association between lower ferritin levels and a higher risk of incident HF regardless of gender 

in community-dwelling older adults. Our analyses extend prior research by studying a 

community-based cohort of older adults (mean age of 75 years), an important population 

given their risk of iron deficiency and heart failure, and by demonstrating associations 

between ferritin and hepcidin levels and HFpEF vs. HFrEF.   

Higher plasma hepcidin levels may lead to iron deficiency by decreasing enteral iron 

absorption and sequestering iron within the liver, macrophages and spleen.(12) We observed 

that lower, rather than higher, plasma hepcidin levels associated with a higher risk of incident 

HF. This result suggests that the measured plasma hepcidin levels were decreased in response 

to low iron levels and that the observed hepcidin-HF associations can be attributed to low 
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iron levels rather than a direct role of low hepcidin in the pathogenesis of incident HF. In 

ferritin models adjusting for hepcidin and vice versa, all associations were attenuated. In this 

analysis, the included range of biomarker proteins implies that ferritin and hepcidin levels 

reflect the same iron stores and iron deficiency levels, potentially due to the absence of 

extremes iron dysregulation of iron deficiency anemia and anemia of inflammation where 

discrepancies in those markers could be observed. 

The PREVEND study found a higher risk of incident HF with higher hepcidin levels 

in women, but not in men, in contrast to our findings that lower hepcidin levels associate with 

a higher risk of incident HF.(7) The availability of relative, not absolute, levels of hepcidin in 

our study limits the ability to directly compare the PREVEND analysis and ours. Since our 

cohort included relatively healthy participants without anemia, it is possible that the range of 

hepcidin levels in our study was lower than the range observed in PREVEND, which 

included participants with anemia and enriched for albuminuria, a vascular risk factor. A U-

shaped relationship between plasma hepcidin levels and incident HF risk, whereby both 

lower and higher hepcidin levels associate with a higher HF risk, would be compatible with 

the observed associations in PREVEND and in our study.  

Plasma hepcidin levels may provide insight into the contributions of systemic iron 

levels to the risk of incident HF. Since the heart regulates its own iron levels through 

paracrine cardiomyocyte-derived hepcidin,(14) plasma hepcidin levels likely reflect hepatic-

derived hepcidin, which would respond largely to peripheral iron levels. Thus, the plasma 

hepcidin associations with incident HF may indicate a possible association between 

peripheral skeletal muscle iron levels and incident HF risk. Previous studies have implicated 

skeletal muscle iron metabolism in the pathogenesis of HF and intravenous iron repletion can 

improve skeletal muscle metabolism.(33,34) Direct assessment of skeletal muscle 

metabolism would be needed to confirm our hypothesis. 
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These results indicate a need to fully understand the role of iron metabolism in the 

development of incident HF. Future studies should focus on associations between clinically 

relevant biomarkers of iron levels, such as serum ferritin and transferrin saturation, and 

incident HF. Recommendations for screening for iron deficiency may identify individuals 

who could benefit from iron supplementation. A randomized clinical trial is needed to 

determine whether iron repletion in iron-deficient subjects plays a causal role in preventing 

the development of incident HF.  

Strengths of our study include the large sample size, adjustment for a range of HF risk 

factors and potential confounders, use of two distinct aptamers to measure ferritin levels and 

independent adjudication of HF events. Our results have direct relevance to older adults, who 

are at high risk of incident heart failure and iron deficiency and suggest the possibility of iron 

repletion may lower the risk of incident HFpEF.  

Our study has certain limitations. We cannot exclude potential residual confounding. 

While our analyses demonstrate an association between lower ferritin and hepcidin levels and 

higher risk of incident HF, they cannot be translated into clinical ferritin or hepcidin cut-offs 

since the measurements were based on rank-based aptamer assays and not absolute measures. 

The normalization and the log-transformation of both ferritin and hepcidin in addition to 

including a relatively healthy cohort with likely mild iron deficiency may have limited our 

power to detect non-linear relationship with incident HF. Our analysis was limited by the 

absence of plasma iron measurements necessary to calculate the transferrin saturation and 

create actual iron deficiency cut-offs. Plasma ferritin and hepcidin levels were measured at a 

single timepoint. Our cohort represents a selected sample of older adults that may not 

generalize to other settings. We did not address the molecular mechanisms through which 

iron deficiency might induce incident HF. The observed associations do not in themselves 

support a causal role for either ferritin or hepcidin in the pathogenesis of incident HF. 
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Conclusions 

Lower plasma ferritin and hepcidin levels associate with a higher risk of incident HF, 

in particular HFpEF, in older adults without anemia. Future clinical trials are warranted to 

test for the potential effect of iron repletion on the development of heart failure. 
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Figure 1. Associations of plasma ferritin light chain levels with incident heart failure and heart failure subtypes 

 

Incidence rates are reported per 1,000 person-years. Demographic characteristics were age, gender and the race-field center interaction. Clinical risk factors 
were smoking status, body mass index, diabetes mellitus, hypertension, atrial fibrillation, coronary heart disease, eGFR, and log10-transformed C-reactive 
protein. 

CI = confidence interval; HF = heart failure; HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction; HR = 
hazard ratio; IR = incidence rate. 
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Figure 2. Associations of plasma hepcidin levels with incident heart failure and heart failure subtypes 

 

Incidence rates are reported per 1,000 person-years. Demographic characteristics were age, gender and the race-field center interaction. Clinical risk factors 
were smoking status, body mass index, diabetes mellitus, hypertension, atrial fibrillation, coronary heart disease, eGFR, and log10-transformed C-reactive 
protein. 
CI = confidence interval; HF = heart failure; HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction; HR = 
hazard ratio; IR = incidence rate.
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Table 1. Participant characteristics in the overall cohort and according to plasma ferritin level quartiles at baseline 

Characteristic Overall (N=3,472) Quartile 1 (n=868) Quartile 2 (n=868) Quartile 3 (n=868) Quartile 4 (n=868) 
P-

Value 

Age, years   75 (5) 75 (5) 75 (5) 75 (5) 75 (5) 0.013 

Women, n (%) 1,954 (56%) 595 (68%) 572 (66%) 452 (52%) 335 (39%) <0.001 

Black, n (%) 484 (14%) 104 (12%) 108 (12%) 126 (15%) 146 (17%) 0.002 

Smoking status, n (%)       0.48 

Current  214 (6%) 63 (7%) 47 (5%) 57 (7%) 47 (5%)  

Former  1,676 (48%) 409 (47%) 399 (46%) 431 (50%) 437 (50%)  

Never  1,358 (39%) 341 (39%) 363 (42%) 326 (38%) 328 (38%)  

Unknown  224 (7%) 55 (6%) 59 (7%) 54 (6%) 56 (7%)  

Body mass index, kg/m
2
 28.3 (5.2) 28.1 (5.2) 28.1 (5.3) 28.4 (5.4) 28.8 (4.9) 0.005 

Waist-to-hip ratio 0.94 (0.1) 0.92 (0.1) 0.93 (0.1) 0.94 (0.1) 0.96 (0.1) <0.001 

NT-proBNP, median [25th, 75th percentile] 

pg/mL 
116.0 [63.1, 221.2] 119.2 [63.9, 233.3] 127.2 [70.0, 229.1] 114.3 [65.0, 217.8] 108.2 [54.8, 207.2] 0.02 

Diabetes, n (%)  956 (28%) 236 (27%) 240 (28%) 216 (25%) 264 (30%) 0.31 

Hypertension, n (%) 2,434 (70%) 612 (71%) 592 (68%) 613 (71%) 617 (71%) 0.55 

Systolic blood pressure, mm Hg 138 (19) 139 (19) 139 (19) 138 (19) 137 (19) 0.039 

Diastolic blood pressure, mm Hg 71 (11) 71 (11) 71 (12) 71 (12) 72 (11) 0.19 

Coronary heart disease, n (%) 411 (12%) 112 (13%) 102 (12%) 98 (11%) 99 (11%) 0.31 

Atrial fibrillation, n (%) 172 (5%) 54 (6%) 38 (4%) 37 (4%) 43 (5%) 0.23 

Elevated liver enzymes, n (%) 359 (11%) 83 (10%) 81 (10%) 93 (11%) 102 (12%) 0.10 
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Current cancer diagnosis, n (%) 104 (3%) 19 (2%) 31 (4%) 32 (4%) 22 (3%) 0.66 

LDL cholesterol, mg/dL 106 (34) 105 (32) 107 (34) 107 (34) 105 (36) 0.83 

Prior stroke, n (%) 83 (2%) 32 (4%) 20 (2%) 15 (2%) 16 (2%) 0.008 

Oral anticoagulant use, n (%) 178 (5%) 42 (5%) 42 (5%) 48 (6%) 46 (5%) 0.53 

Aspirin use, n (%) 2379 (69%) 635 (74%) 592 (68%) 594 (69%) 558 (65%) <0.001 

Alcohol drinking, n (%)      0.012 

Current 1875 (55%) 448 (53%) 461 (54%) 476 (56%) 490 (57%)  

Former 902 (26%) 238 (28%) 204 (24%) 228 (27%) 232 (27%)  

Never 639 (19%) 168 (20%) 184 (22%) 153 (18%) 134 (16%)  

Iron deficiency or anemia treatment use, n (%) 107 (3%) 34 (4%) 23 (3%) 24 (3%) 26 (3%) 0.31 

eGFR, mL/min per 1.73 m
2
 69 (16) 68 (16) 68 (16) 69 (16) 70 (16) 0.01 

eGFR less than 60 mL/min per 1.73 m2, n (%) 1037 (30%) 264 (30%) 272 (31%) 267 (31%) 234 (27%) 0.12 

CRP, median [25th, 75th percentile] mg/L 1.8 [0.9, 3.8] 1.8 [0.8-3.8] 1.7 [0.9-3.7] 1.8 [0.9-3.9] 1.9 [0.9-4.1] 0.047 

Hemoglobin, g/dL 13.8 (1.1) 13.6 (1.0) 13.7 (1.0) 13.9 (1.1) 14.2 (1.1) <0.001 

CRP = C-reactive protein; eGFR = estimated glomerular filtration rate; LDL = low-density lipoprotein. 

Continuous variables are expressed as mean (SD) unless otherwise stated. 

*P-values are derived from trend tests. 
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Table 2. Associations of plasma ferritin levels with incident heart failure and heart failure subtypes  

   
Unadjusted 

(n=3,472) 
 

Model 1 

(n=3,472) 
 

Model 2 

(n=3,472) 
 

Outcome N IR# HR (95% CI)* P-value HR (95% CI) P-value HR (95% CI) P-value 

Any HF 293 12.6 (11.3-14.2) 1.18 (1.06-1.31) 0.002 1.24 (1.11-1.37) <0.001 1.20 (1.08-1.34) 0.001 

HFrEF 131 5.6 (4.8-6.7) 1.12 (0.96-1.31) 0.15 1.20 (1.03-1.40) 0.022 1.16 (0.99-1.36) 0.070 

HFpEF 131 5.6 (4.8-6.7) 1.26 (1.08-1.47) 0.003 1.30 (1.11-1.52) 0.001 1.28 (1.09-1.50) 0.002 

Model 1 included age, gender, interaction of race and field center. Model 2 included Model 1 covariates and smoking status, body mass index, diabetes mellitus, 
hypertension, atrial fibrillation, coronary heart disease, eGFR and log10-transformed C-reactive protein.  

* Hazard ratio (95% confidence interval) for 50% lower ferritin level. 

# Incidence rates are reported per 1,000 person-years.  

CI = confidence interval; HF = heart failure; HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction; HR = hazard ratio; 
IR = incidence rate. 
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Table 3. Associations of plasma hepcidin levels with incident heart failure and heart failure subtypes  

   
Unadjusted 

(n=3,472) 
 

Model 1 

(n=3,472) 
 

Model 2 

(n=3,472) 
 

Outcome N IR# HR (95% CI)* P-value HR (95% CI) P-value HR (95% CI) P-value 

Any HF 293 12.6 (11.3-14.2) 1.15 (1.05-1.27) 0.003 1.15 (1.05-1.25) 0.003 1.15 (1.05-1.26) 0.003 

HFrEF 131 5.6 (4.8-6.7) 1.08 (0.93-1.25) 0.31 1.08 (0.93-1.24) 0.30 1.08 (0.94-1.24) 0.30 

HFpEF 131 5.6 (4.8-6.7) 1.25 (1.10-1.43) 0.001 1.24 (1.09-1.41) 0.001 1.25 (1.10-1.42) 0.001 

Model 1 included age, gender, interaction of race and field center. Model 2 included Model 1 covariates and smoking status, body mass index, diabetes mellitus, 
hypertension, atrial fibrillation, coronary heart disease, eGFR and log10-transformed C-reactive protein.  

# Incidence rates are reported per 1,000 person-years.  

* Hazard ratio (95% confidence interval) for 50% lower hepcidin level. 

CI = confidence interval; HF = heart failure; HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction; HR = hazard ratio; 
IR = incidence rate. 
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Supplemental Figure 1. Study cohort selection 

 

ARIC = Atherosclerosis Risk in Communities. 

The study cohort included participants with no history of heart failure, hemoglobin of at least 13 mg/dL for men 
and 12 mg/dL for women with available plasma ferritin, plasma hepcidin and covariate measurements. 

ARIC Visit 5 Participants
(N = 6,538)

Excluded:
-1,343 missing ferritin and hepcidin levels
-527 with prevalent heart failure
-946 with anemia or missing hemoglobin
-80 missing current smoking status
-63 missing body mass index
-30 missing diabetes status
-33 missing hypertension status
-44 missing atrial fibrillation history

Included in Analyses
(n = 3,472)
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Supplemental Figure 2. Incidence curves of overall incident HF, HFrEF and HFpEF across ferritin quartiles and dichotomous ferritin 

CI = confidence interval; HF= heart failure ; HFrEF = heart failure with reduced ejection fraction; HFpEF = heart failure with 
preserved ejection fraction; IR = incidence rate; Q = quartile. 
Incidence rates are per 1,000 person-years. 
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Supplemental Figure 3. Incidence curves of overall incident HF, HFrEF and HFpEF across hepcidin quartiles and dichotomous hepcidin  

CI = confidence interval; HF= heart failure ; HFrEF = heart failure with reduced ejection fraction; HFpEF = heart failure with 
preserved ejection fraction; IR = incidence rate; Q = quartile. 
Incidence rates are per 1,000 person-years.
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Supplemental Table 1. Summary of evidence supporting the specificity of SomaScan aptamers 

Aptamer Target Gene symbol 

(Uniprot ID) 

SomaLogic Identifier cis-pQTL (rsID) Protein Altering 

Variant 

Reference 

Ferritin light chain FTL  

(P02792) 

SeqId_15324_58 rs4802523 No Zhang et al. (15) 

Ferritin light chain FTL  

(P02792) 

SeqId_15324_58 rs192331981 No Ferkingstad, et al.(16) 

Hepcidin HAMP 

(P81172) 

SeqId_3504_58 

 

rs115123127 Yes  Zhang et al.  

Hepcidin HAMP 

(P81172) 

SeqId_3504_58 

 

rs185716928 Yes  Ferkingstad, et al. 

Ferritin heavy chain/light 

chain complex 
FTL/FHT1 P02792/P02794 N/A N/A N/A 

pQTL = protein quantitative trait locus; rsID = Reference SNP cluster identifier; SeqID =  Sequence identifier; Uniprot ID = protein identifier in Uniprot database.
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Supplemental Table 2. Participant characteristics in the overall cohort and according to hepcidin quartile 

Characteristic Overall (N=3,472) Quartile 1 (n=868) Quartile 2 (n=868) Quartile 3 (n=868) Quartile 4 (n=868) P-Value* 

Age, years   75 (5) 75 (5) 75 (5) 75 (5) 75 (5) 0.90 

Women, n (%) 1,954 (56%) 512 (59%) 501 (58%) 486 (56%) 455 (52%) 0.004 

Black, n (%) 484 (14%) 120 (14%) 122 (14%) 115 (13%) 127 (15%) 0.76 

Smoking status, n (%)       0.26 

Current  214 (6%) 57 (7%) 63 (7%) 43 (5%) 51 (6%)  

Former  1,676 (48%) 434 (50%) 399 (46%) 429 (49%) 414 (48%)  

Never  1,358 (39%) 324 (37%) 343 (40%) 343 (40%) 348 (40%)  

Unknown  224 (7%) 53 (6%) 63 (7%) 53 (6%) 55 (6%)  

Body mass index, kg/m
2
 28.3 (5.2) 28.4 (5.1) 27.9 (5.4) 28.3 (5.1) 28.8 (5.2) 0.07 

Waist-to-hip ratio 0.938 (0.78) 0.938 (0.81) 0.933 (0.76) 0.938 (0.78) 0.945 (0.76) 0.03 

NT-proBNP, median [25th, 75th 

percentile] pg/mL 
116.0 [63.1, 221.2] 103.6 [59.1, 216.6] 124.6 [63.3, 228.5] 113.9 [67.0, 205.1] 121 .8 [65.6, 235.3] 0.1 

Diabetes, n (%)  956 (28%) 263 (30%) 228 (26%) 224 (26%) 241 (28%) 0.23 

Hypertension, n (%) 2,434 (70%) 618 (71%) 600 (69%) 611 (70%) 605 (70%) 0.64 

Systolic blood pressure, mm Hg 138 (19) 140 (19) 138 (19) 138 (18) 137 (20) <0.001 

Diastolic blood pressure, mm Hg 71 (11) 72 (11) 71 (12) 72 (12) 70 (11) 0.05 

Coronary heart disease, n (%) 411 (12%) 123 (14%) 108 (12%) 88 (10%) 92 (11%) 0.008 

Atrial fibrillation, n (%) 172 (5%) 65 (8%) 36 (4%) 36 (4%) 435 (4%) 0.002 

Elevated liver enzymes, n (%) 359 (11%) 98 (12%) 93 (11%) 86 (10%) 82 (10%) 0.18 

Current cancer diagnosis, n (%) 104 (3%) 25 (3%) 26 (3%) 30 (4%) 23 (3%) 0.93 
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LDL cholesterol, mg/dL 106 (34) 105 (33) 104 (32) 107 (34) 107 (36) 0.06 

Prevalent stroke, n (%) 83 (2%) 29 (3%) 19 (2%) 13 (2%) 22 (3%) 0.18 

Oral anticoagulant use, n (%) 178 (5%) 58 (7%) 37 (4%) 43 (5%) 42 (5%) 0.11 

Aspirin use, n (%) 2379 (69%) 646 (75%) 599 (69%) 586 (68%) 548 (64%) < 0.001 

Alcohol drinking, n (%)      0.26 

Current 1875 (55%) 475 (56%) 468 (55%) 480 (56%) 452 (53%)  

Former 902 (26%) 228 (27%) 221 (26%) 214 (25%) 239 (28%)  

Never 639 (19%) 146 (17%) 168 (20%) 159 (19%) 166 (19%)  

Iron deficiency or anemia 

treatment use, n (%) 
107 (3%) 33 (4%) 24 (3%) 21 (2%) 29 (3%) 0.51 

eGFR, mL/min per 1.73 m
2
 69 (16) 70 (16) 70 (17) 68 (15) 66 (17) < 0.001 

Chronic kidney disease, n (%) 1037 (30%) 225 (26%) 224 (26%) 262 (30%) 326 (38%) < 0.001 

CRP, median [25th, 75th percentile] 

mg/L 
1.8 [0.9, 3.8] 1.7 [0.8-3.5] 1.6 [0.8-3.5] 1.8 [1.0-3.9] 2.1 [1.0-4.1] < 0.001 

Hemoglobin, g/dL 13.8 (1.1) 13.8 (1.1) 13.8 (1.1) 13.9 (1.1) 13.9 (1.1) 0.007 

CRP = C-reactive protein; eGFR = estimated glomerular filtration rate; LDL = low density lipoprotein. 

Continuous variables are expressed as mean (standard deviation) unless otherwise stated. 

*P-values are derived from trend tests. 
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Supplemental Table 3. Baseline characteristics of the included and excluded 

participants 

Characteristic 
Excluded 

(N= 3066) 

Overall 

(N=3,472) 
P-Value 

Age, years   77 (6) 75 (5) <0.001 

Women, n (%) 1891 (62%) 1,954 (56%) <0.001 

Black, n (%) 1059 (35%) 484 (14%)  

Smoking status, n (%)    <0.001 

Current  149 (5%) 214 (6%)  

Former  1288 (46%) 1,676 (48%)  

Never  1034 (37%) 1,358 (39%)  

Unknown  358 (13%) 224 (7%)  

Body mass index, kg/m
2
 29.3 (6.4) 28.3 (5.2) <0.001 

Diabetes, n (%)  1170 (42%) 956 (28%) <0.001 

Hypertension, n (%) 2391 (80%) 2,434 (70%) <0.001 

Systolic blood pressure, mm Hg 139 (20) 138 (19) 0.23 

Diastolic blood pressure, mm Hg 70 (12) 71 (11) <0.001 

Coronary heart disease, n (%) 576 (19%) 411 (12%) <0.001 

Atrial fibrillation, n (%) 375 (13%) 172 (5%) <0.001 

Elevated liver enzymes, n (%) 344 (12%) 359 (11%) 0.10 

Current cancer diagnosis, n (%) 107 (3.5%) 104 (3%) 0.26 

LDL cholesterol, mg/dL 102 (35) 106 (34) <0.001 

Prevalent stroke, n (%) 184 (6%) 83 (2%) <0.001 

Oral anticoagulant use, n (%) 324 (10%) 178 (5%) <0.001 

Aspirin use, n (%) 2092 (69%) 2379 (69%) 0.92 

Alcohol drinking, n (%)   <0.001 

Current 1105 (41%) 1875 (55%)  

Former 914 (34%) 902 (26%)  

Never 673 (25%) 639 (19%)  

Iron deficiency or anemia treatment use, n (%) 235 (8%) 107 (3%) <0.001 

eGFR, mL/min per 1.73 m
2
 62 (20) 69 (16) <0.001 
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CRP = C-reactive protein; eGFR = estimated glomerular filtration rate; LDL = low-density lipoprotein.  
   Continuous variables are expressed as mean (SD) unless otherwise stated. 

 P-values are derived from Chi-squared, student’s t-test, or Mann-Whitney test as appropriate. 

 

eGFR less than 60 mL/min per 1.73 m2, n (%) 1431 (47%) 1037 (30%) <0.001 

CRP, median [25th, 75th percentile] mg/L 2.4 [1.1, 5.3] 1.8 [0.9, 3.8] <0.001 

Hemoglobin, g/dL 12.6 (1.6) 13.8 (1.1) <0.001 
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Supplemental Table 4. Effect modification of the association between plasma ferritin light chain and hepcidin levels and incident heart failure 

and heart failure subtypes by age, gender and eGFR category 

Outcome HR (95% CI)* HR (95% CI)* HR (95% CI)* 

 Age > 75 years Age ≤ 75 years P-Int. Women Men P-Int. eGFR < 60 eGFR ≥ 60 P-Int. 

Ferritin          

Any HF 1.15 (1.00-1.32) 1.29 (1.10-1.51) 0.28 1.18 (1.00-1.40) 1.22 (1.06-1.39) 0.81 1.12 (0.96-1.32) 1.26 (1.10-1.45) 0.26 

HFrEF 1.08 (0.88-1.32) 1.28 (1.01-1.64) 0.26 1.11 (0.85-1.45) 1.18 (0.97-1.44) 0.73 1.09 (0.86-1.39) 1.21 (0.98-1.48) 0.53 

HFpEF 1.34 (1.09-1.64) 1.21 (0.95-1.54) 0.53 1.30 (1.03-1.64) 1.26 (1.02-1.56) 0.85 1.22 (0.96-1.54) 1.33 (1.08-1.63) 0.59 

Hepcidin          

Any HF 1.06 (0.94-1.20) 1.29 (1.13-1.48) 0.036 1.21 (1.05-1.40) 1.11 (0.98-1.25) 0.32 1.08 (0.94-1.23) 1.21 (1.08-1.37) 0.20 

HFrEF 1.04 (0.87-1.25) 1.15 (0.91-1.44) 0.50 1.07 (0.84-1.37) 1.08 (0.91-1.29) 0.97 1.01 (0.82-1.25) 1.14 (0.94-1.38) 0.42 

HFpEF 1.18 (1.00-1.40) 1.35 (1.11-1.65) 0.31 1.39 (1.16-1.68) 1.14 (0.95-1.36) 0.12 1.22 (1.01-1.47) 1.27 (1.07-1.51) 0.75 

* Hazard ratios represent a 50% lower plasma ferritin or hepcidin level and were adjusted for age, gender, interaction of race and field center, smoking status, body mass 
index, diabetes mellitus, hypertension, atrial fibrillation, coronary heart disease, eGFR, and log10-transformed C-reactive protein. 

CI = confidence interval; HF = heart failure; HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction; HR = hazard ratio; 
IR = incidence rate; P-Int. = P-interaction. 
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Supplemental Table 5. Associations of plasma ferritin light chain and hepcidin levels with incident heart failure and heart failure subtypes 

including cases with unknown left ventricular ejection fraction, all-cause death and the composite of incident HF and all-cause death 

 

Unadjusted 

(n=3,472) 

 

Model 1 

(n=3,472) 

 

Model 2 

(n=3,472) 

 

Outcome HR (95% CI)* P-value HR (95% CI)* P-value HR (95% CI)* P-value 

Ferritin       

HFrEF or HFuEF 1.12 (0.97-1.29) 0.12 1.19 (1.03-1.37) 0.016 1.15 (1.00-1.32) 0.057 

HFpEF or HFuEF 1.23 (1.07-1.41) 0.004 1.27 (1.10-1.46) 0.001 1.25 (1.08-1.44) 0.002 

All-cause death 1.00 (0.93-1.08) 0.90 1.03 (0.96-1.12) 0.40 1.02 (0.94-1.10) 0.65 

Composite of all-cause death and HF 1.05 (0.98-1.12) 0.18 1.08 (1.01-1.15) 0.03 1.06 (0.99-1.13) 0.11 

Hepcidin       

HFrEF or HFuEF 1.07 (0.94-1.22) 0.33 1.07 (0.94-1.21) 0.32 1.07 (0.94-1.22) 0.29 

HFpEF or HFuEF 1.21 (1.07-1.37) 0.002 1.20 (1.07-1.35) 0.003 1.21 (1.07-1.36) 0.002 

All-cause death 1.11 (1.03-1.19) 0.004 1.10 (1.03-1.18) 0.004 1.13 (1.05-1.21) <0.001 

Composite of all-cause death and HF 1.12 (1.05-1.19) <0.001 1.11 (1.05-1.18) <0.001 1.13 (1.07-1.20) <0.001 

Model 1 included age, gender and the interaction of race and field center. Model 2 included Model 1 covariates plus smoking status, body mass index, diabetes mellitus, 
hypertension, atrial fibrillation, coronary heart disease, eGFR, and log10-transformed C-reactive protein. 

* Hazard ratios represent a 50% lower plasma ferritin or hepcidin level. 

CI = confidence interval; HF = heart failure; HFpEF = heart failure with preserved ejection fraction; HFruEF = heart failure with reduced ejection fraction; HFuEF = heart 
failure with unknown ejection fraction HR = hazard ratio. 
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Supplemental Table 6. Associations of plasma ferritin light chain levels and plasma hepcidin levels with incident heart failure and heart failure 

subtypes with different model adjustments 

 
Model 2 Model 3  

(n = 3,263) 

 Model 4 

(n = 3,472) 

 Model 5 

(n = 3,341) 

 Model 6  

(n = 3,384) 

 

Outcome HR (95% CI)* HR (95% CI) * P-Value HR (95% CI)* P-Value HR (95% CI)* P-Value HR (95% CI)* P-Value 

Ferritin          

Any HF 1.20 (1.08-1.34) 1.20 (1.07-1.34) 0.001 1.20 (0.99-1.45) 0.069 1.22 (1.09-1.35) <0.001 1.25 (1.12-1.40) <0.001 

HFrEF 1.16 (0.99-1.36) 1.16 (0.98-1.38) 0.078 1.29 (0.96-1.74) 0.088 1.18 (1.00-1.38) 0.045 1.19 (1.00-1.40) 0.045 

HFpEF 1.28 (1.09-1.50) 1.27 (1.07-1.50) 0.005 1.11 (0.83-1.48) 0.48 1.29 (1.10-1.51) 0.002 1.35 (1.14-1.59) <0.001 

Hepcidin          

Any HF 1.15 (1.05-1.26) 1.13 (1.03-1.25) 0.01 1.00 (0.85-1.19) 0.96 1.16 (1.06-1.27) 0.002 1.20 (1.09-1.32) <0.001 

HFrEF 1.08 (0.94-1.24) 1.08 (0.93-1.25) 0.31 0.89 (0.68-1.16) 0.38 1.09 (0.95-1.26) 0.22 1.12 (0.96-1.30) 0.16 

HFpEF 1.25 (1.10-1.42) 1.21 (1.06-1.39) 0.006 1.16 (0.90-1.48) 0.25 1.25 (1.10-1.42) 0.001 1.31 (1.14-1.50) <0.001 

Model 2 included age, gender, interaction of race and field center, smoking status, body mass index, diabetes mellitus, hypertension, atrial fibrillation, coronary heart disease, 
eGFR, and log10-transformed C-reactive protein. The variance inflation factors for ferritin and hepcidin in Model 2 were 108.0 and 68.1, respectively. Model 3 included 
Model 2 covariates plus prior stroke, LDL- cholesterol, prevalent cancer, Visit 4 alanine aminotransferase, Visit 4 aspartate aminotransferase level, current cancer diagnosis, 
alcohol use history, aspirin use, oral anticoagulant use and iron deficiency treatment use. Model 4 included Model 2 covariates plus both ferritin and hepcidin. The reported 
hazard ratios correspond to ferritin or hepcidin as indicated. The variance inflation factors for ferritin and hepcidin in Model 4 were 414 and 297, respectively. Model 5 
included Model 2 covariates but adjusted for waist-to-hip ratio instead of BMI. Model 6 adjusted for Model 2 covariates plus log10-NT-proBNP. 

* Hazard ratios represent a 50% lower plasma ferritin or hepcidin level. 

CI = confidence interval; HF = heart failure; HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction; HR = hazard ratio. 
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Supplemental Table 7. Associations of plasma ferritin heavy chain/light chain complex level with incident heart failure and heart failure 

subtypes  

 
Unadjusted 

(n=3,472) 
 

Model 1 

(n=3,472) 
 

Model 2 

(n=3,472) 
 

Outcome HR (95% CI)* P-value HR (95% CI)* P-value HR (95% CI)* P-value 

Any HF 1.18 (1.07-1.31) 0.002 1.24 (1.12-1.38) <0.001 1.20 (1.08-1.34) 0.001 

HFrEF 1.12 (0.95-1.30) 0.17 1.19 (1.02-1.40) 0.028 1.15 (0.98-1.35) 0.087 

HFpEF 1.27 (1.09-1.48) 0.002 1.31 (1.12-1.53) 0.001 1.29 (1.10-1.51) 0.002 

Model 1 included age, gender and the interaction of race and field center. Model 2 included Model 1 covariates plus smoking status, body mass index, diabetes mellitus, 
hypertension, atrial fibrillation, coronary heart disease, eGFR, and log10-transformed C-reactive protein. 

* Hazard ratios represent a 50% lower plasma ferritin heavy chain/light chain complex level. 

CI = confidence interval; HF = heart failure; HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction; HR = hazard ratio; 
IR = incidence rate. 
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Supplemental Table 8. Associations of plasma ferritin and hepcidin levels with incident HF overall 

using different exposure models 

   Ferritin Hepcidin 

Exposure Model Events (n) IR (95% CI)# HR (95% CI)  HR (95% CI) 

Continuous 293 12.6 (11.3-14.2) 1.20 (1.08-1.34) 1.15 (1.05-1.26) 

Ordinal Categorical     

Quartile 1 91 15.9 (12.9-19.5) 1.68 (1.20-2.36) 1.47 (1.06-2.03) 

Quartile 2 75 12.9 (10.3-16.1) 1.38 (0.97-1.95) 1.16 (0.83-1.63) 

Quartile 3 68 11.7 (9.2-14.9) 1.28 (0.90-1.82) 1.02 (0.72-1.45) 

Quartile 4 59 10.1 (7.8-13.0) Reference Reference 

Dichotomous Categorical     

Quartile 1 91 15.9 (12.9-19.5) 1.37 (1.07-1.77) 1.38 (1.08-1.78) 

Quartiles 2-4 202 11.6 (10.1-13.3) Reference Reference 

Hazard ratios were adjusted for age, gender, the interaction of race and field center, smoking status, 
body mass index, diabetes mellitus, hypertension, atrial fibrillation, coronary heart disease, eGFR, and 
log10-transformed C-reactive protein. 

# incidence rate per 1,000 person-years. 

CI = confidence interval; HF = heart failure; HR = hazard ratio; IR = incidence rate. 
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Abstract  

Background: The relationships between iron deficiency and cardiac dysfunction in the 

general population of older adults remain incompletely understood. 

Methods: We studied participants in the ongoing, longitudinal, observational Atherosclerosis 

Risk in Communities study who were free from prevalent HF and anemia. The cross-

sectional associations of plasma ferritin levels and plasma hepcidin levels with 

echocardiographic measures of cardiac structure and function at Visit 5 were estimated using 

linear regression models adjusted for demographics and diastolic dysfunction risk factors. In 

the sub-cohort attending both Visit 5 and Visit 7, the longitudinal associations of the two 

biomarkers with changes in echocardiographic measures from Visit 5 to Visit 7 were also 

assessed. 

Results: The study cohort included 3,472 individuals with mean age of 75±5 years (56% 

women and 14% Black). In fully adjusted models, 50% lower plasma ferritin levels 

associated with higher E wave velocity (beta [95% CI]: 0.65 [0.11 to 1.1]; P=0.018), lower 

septal e’ velocity (beta [95% CI]: -0.05 [-0.09 to 0.00]; P=0.049), higher E/e’ ratio (beta [95% 

CI]: 0.24 [0.12 to 0.36]: P<0.001), and higher pulmonary artery systolic pressure (beta [95% 

CI]: 0.22 [0.00 to 0.44]; P=0.048). Similarly, 50% lower hepcidin levels associated with 

higher E wave velocity (beta [95% CI]: 0.52 [0.01-1.03; P=0.046], higher E/e’ ratio (beta 

[95% CI]: 0.18 [0.07-0.30]; P=0.002), higher left atrial volume index (beta [95% CI]: 0.33 

[0.10-0.56]; P=0.002), and higher pulmonary artery systolic pressure (beta [95% CI]: 0.25 

[0.04-0.45]; P=0.020). Neither plasma ferritin nor hepcidin was associated with measures of 

left ventricular structure or diastolic function or with the longitudinal changes in cardiac 

measures.  
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Conclusions: Lower plasma ferritin and hepcidin levels were cross-sectionally associated 

with diastolic dysfunction in older adults without anemia.  
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Introduction 

In patients with chronic heart failure (HF), iron deficiency is associated with impaired 

functional capacity and higher risk of HF hospitalization and death independent of anemia.(1) 

Intravenous iron repletion improves exercise capacity and reduces the risk of HF 

hospitalization in patients with HF with reduced or mid-range ejection fraction with and 

without anemia.(2–5)  

The association of iron status with subclinical cardiac dysfunction in the community, 

however, remains incompletely understood. Prior studies of this relationship used small 

sample sizes or only focused on women of childbearing potential or adults with chronic 

kidney disease.(6,7) Research using pre-clinical cell and animal models indicates that 

disordered iron metabolism in cardiomyocytes impairs cardiac structure and function, but the 

generalizability of these experiments to humans is unclear.(8–11) While hereditary iron 

disorders provide evidence that iron overload may lead to cardiac dysfunction, this degree of 

iron excess does not occur in most community-dwelling adults and does not address low iron 

levels.  

Plasma biomarkers can provide insight into iron status without bone marrow biopsy, 

the gold standard for iron assessment.(8,12–14) Plasma ferritin levels are used in the 

diagnosis of iron deficiency and can indicate subclinical iron deficiency in the absence of 

anemia.(15) Hepcidin regulates plasma iron levels by sequestering iron within macrophages, 

hepatocytes and other cells.(16) Plasma hepcidin levels may provide insight into functional 

iron deficiency. This study sought to evaluate the associations of plasma ferritin and plasma 

hepcidin levels with cardiac structure and function in older adults without prevalent HF or 

anemia. 
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Methods 

Study Cohort 

The Atherosclerosis Risk in Communities (ARIC) study is an ongoing, longitudinal 

cohort study.(17) The ARIC study enrolled 15,792 community-dwelling adults between the 

ages of 45 and 64 years in 1987-1989 from four different US centers: Forsyth County, North 

Carolina; Washington County, Maryland; suburban Minneapolis, Minnesota and Jackson, 

Mississippi. The study protocol was approved by each participating institution’s Institutional 

Review Board. Written informed consent was obtained from all participants. 

Visit 5 attendees were included in the Visit 5 cardiac structure and function analysis 

cohort if they had no history of HF, did not have anemia (hemoglobin less than 13 mg/dL for 

men and less than 12 mg/dL for women) (18), had available plasma ferritin, hepcidin and 

covariate measurements and underwent transthoracic echocardiography at Visit 5. Analyses 

of the associations between Visit 5 ferritin and hepcidin levels and changes in cardiac 

structure and function from Visit 5 to Visit 7 (2018-2020) additionally excluded participants 

who developed incident HF before Visit 7 or did not undergo a Visit 7 echocardiogram. 

Measurement of Plasma Ferritin and Hepcidin Levels 

The primary exposures were plasma levels of the ferritin light chain and hepcidin. The 

secondary exposure was plasma levels of the complex of ferritin heavy and light chains. 

Plasma hepcidin, ferritin light chain and heavy chain/light chain complex levels were 

measured using modified aptamers (SomaScan v4 Platform; Somalogic, Boulder, Colorado) 

and quantified on a relative scale. The aptamers targeting the ferritin light chain and hepcidin 

were defined as the primary exposures given the prior identification of cis-protein 

quantitative trait loci for those aptamer (Supplemental Table 1).(19,20) Quality control and 

normalization of SomaScan-based aptamer concentrations in ARIC have been reported 

previously.(21,22)  
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Echocardiography and Cardiac Structure and Function Outcomes 

ARIC Visit 5 echocardiography methods have been described previously and identical 

methods were used at Visit 7.(23) All field center sonographers underwent central training in 

the examination protocol, including hands-on sessions by a central lab sonographer. Two test 

protocol studies were performed and certified for each sonographer prior to acquisition of any 

final echocardiographic studies. All quantitative measures were obtained by the 

echocardiography core laboratory at Brigham and Women’s Hospital (Boston, MA) in a 

blinded fashion according to American Society of Echocardiography recommendations. Each 

core laboratory technician analyzed the same set of echocardiographic measures across all 

studies in a modular fashion. Cardiologist overreading was performed for all 

echocardiographic studies.(23)  

The main outcomes were echocardiographic measures of cardiac structure and 

function at Visit 5 and their change from Visits 5 to 7. Measures of left ventricular (LV) 

structure included LV end‐diastolic volume index, mean wall thickness, relative wall 

thickness and LV mass index. Measures of LV systolic function included ejection fraction, 

longitudinal strain and circumferential strain. LV diastolic function and filling pressure 

measures included peak E wave velocity, peak e’ velocity, septal E/e’ ratio, left atrial volume 

index and pulmonary arterial systolic pressure. 

Covariate Assessment 

Participants self-reported age, gender, race and smoking status (current, former, or 

never). Definitions of hypertension, diabetes mellitus, prevalent coronary heart disease, 

prevalent atrial fibrillation and prior stroke as well as measurements of hemoglobin, 

creatinine, cystatin C, C-reactive protein, alanine aminotransferase (Visit 4 [1996-1998] 

only), aspartate and alanine aminotransferase (Visit 4 [1996-1998] only) and low density 

lipoprotein cholesterol have been described previously.(24–30)  
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Estimated glomerular filtration rate (eGFR) was calculated using the serum 

creatinine- and cystatin C-based 2012 CKD-EPI equation.(31) Medication use was recorded 

using the medication containers brought to the study visit by participants. Elevated liver 

enzyme levels were measured at Visit 4 only and were defined as at least one of aspartate 

aminotransferase or alanine aminotransferase above the gender-specific upper limit of normal 

for this assay.(29) Prevalent cancer and alcohol use were based upon self-report. 

Statistical Analysis 

Categorical data were summarized as number and percentage. Continuous data were 

summarized as means and standard deviations if approximately normally distributed or 

medians and [25th, 75th percentiles] if not normally distributed. Characteristics of study 

participants were compared across quartiles of ferritin levels and hepcidin levels using linear 

regression for continuous, approximately normally distributed variables, the Cuzick test for 

trend for non-normally distributed variables and categorical variables, and the Cochran-

Armitage non-parametric trend test for binary variables. Ferritin and hepcidin levels were 

log2-transformed and multiplied by negative one prior to analysis so that the exposure was 

modeled per 50% lower ferritin or hepcidin level.  

Linear regression models were used to estimate the associations of plasma ferritin and 

hepcidin levels with measures of cardiac structure and function and changes in those 

measures from Visit 5 to Visit 7. All models included age, gender and the interaction of race 

and field center, smoking status, body mass index, diabetes mellitus, hypertension, atrial 

fibrillation, coronary heart disease, eGFR, log10-transformed C-reactive protein, Visit 5 

systolic blood pressure and Visit 5 heart rate. Linear regression models of the change in 

echocardiographic measures of cardiac structure and function also included Visit 7 systolic 

blood pressure, Visit 7 heart rate and the residual of the estimated Visit 5 measure. 
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We performed several sensitivity analyses. Non-linear associations of ferritin and 

hepcidin with echocardiographic measures were considered using restricted cubic splines. We 

compared models with 3-, 4- and 5-knot spline transformations of plasma ferritin and 

hepcidin levels using the Bayesian information criterion. A likelihood ratio test compared the 

fit of the spline transformation model with the lowest Bayesian information criterion value to 

the model with the linear ferritin or hepcidin levels, respectively. We repeated the main cross-

sectional and longitudinal cardiac structure and function analyses using the ferritin heavy 

chain/light chain-targeting aptamer. We jointly adjusted the models with ferritin as exposure 

and hepcidin as exposure for hepcidin or ferritin, respectively, to assess the independence of 

each measure. We also repeated the main analyses after adding to the main model 

hemoglobin levels and potential confounders that were measured at Visit 4 but not Visit 5 

(alanine aminotransferase and aspartate aminotransferase levels), were self-reported (alcohol 

use history as categorical variable and current cancer diagnosis, aspirin use, oral 

anticoagulant use, iron deficiency treatment use as binary variables) or were reported in 

previous publications as potential confounders (LDL cholesterol and prior stroke). Effect 

modification by gender was assessed by adding a multiplicative interaction term to the model.  

We performed three sensitivity analyses only for models with changes in cardiac 

structure and function as outcomes. We used inverse probability of attrition weighting 

(IPAW) to address potential non-random, non-attendance at Visit 7.  Probability weights were 

estimated using logistic regression models of the outcome of Visit 7 attendance among 

participants who attended Visit 5 based on a set of predictors measured at Visit 5, including 

Model 3 covariates and Visit 5 frailty score and Morisky medication adherence score. We 

also created models that removed the baseline residual adjustment. Last, we repeated the 

main models with inclusion of participants who experienced incident HF between Visit 5 and 

Visit 7.  
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All analyses were performed using Stata version 17.0 (College Station, TX: StataCorp 

LLC). A P-value less than 0.05 was considered statistically significant. 

Results  

Participant Characteristics 

The Visit 5 cardiac structure and function study cohort included 3,472 individuals 

(Figure 1). The mean age was 75±5 years, 56% were women and 14% reported Black race. 

Participants with lower ferritin levels were more likely to be women and more likely to report 

current aspirin use. Lower ferritin levels associated with lower C-reactive protein levels and 

lower hemoglobin levels. There were no differences in reported use of treatments for iron 

deficiency or anemia across ferritin quartiles. Participants with lower hepcidin levels were 

more likely to be women, to have coronary heart disease, to have atrial fibrillation and to 

report aspirin use (Supplemental Table 2). Lower hepcidin levels were associated with lower 

CRP and lower hemoglobin levels. Characteristics of participants who were and were not 

included in the analysis are presented in Supplemental Table 3. 

Characteristics of participants with and without paired Visit 5 and Visit 7 

echocardiograms are summarized in Supplemental Table 4. Participants with paired 

echocardiograms were younger, had lower prevalence of diabetes, hypertension, coronary 

heart disease, atrial fibrillation, higher eGFR and lower CRP levels. Hemoglobin levels and 

the use of iron deficiency or anemia treatments were not significantly different between 

participants with and without paired Visit 5 and Visit 7 echocardiograms (Supplemental 

Table 4). 
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Associations of Plasma Ferritin Levels with Echocardiographic Measures of Cardiac 

Structure and Function 

In models adjusted for demographics and clinical risk factors, lower plasma ferritin 

levels at Visit 5 were associated with higher E wave velocity, lower septal e’ velocity, higher 

E/e’ ratio and higher pulmonary artery systolic pressure (Figure 1) (Table 2). Plasma ferritin 

levels did not associate with measures of LV size or LV systolic function (Table 2). Plasma 

ferritin levels did not associate with changes in any measure of cardiac structure or function 

between Visit 5 and Visit 7 (Table 2). 

The associations between lower plasma ferritin levels and measures of cardiac 

structure and function were similar after inclusion of additional potential confounders in the 

models (Supplemental Table 5). The effect sizes and directions for the ferritin associations 

with E wave velocity, septal e’ velocity, and E/e’ ratio were similar in models that did and did 

not also include plasma hepcidin levels, but the models with plasma hepcidin levels had 

wider confidence intervals (Supplemental Table 5). Removing the baseline residual 

adjustment, using inverse probability of Visit 7 attendance weights and including participants 

who developed incident HF before Visit 7 did not change the overall associations between 

plasma ferritin levels and changes in cardiac structure and function (Supplemental Table 5). 

Analyses using the ferritin heavy chain/light chain aptamer yielded similar results as analyses 

using the ferritin light chain aptamer (Supplemental Table 6). Lower plasma ferritin levels 

associated with larger LV end-diastolic volume index in men, but not women (P-interaction = 

0.019), but effect modification of the associations between plasma ferritin levels and other 

measures of cardiac structure and function was not observed (Supplemental Table 7). There 

was no evidence of non-linear associations using spline transformations with 3- to 5- knots 

for both the cross-sectional and longitudinal associations (all P-values for non-linearity > 

0.05). We used the 2-knots models to represent the linear association (Figure 1). 
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Associations of Plasma Hepcidin Levels with Echocardiographic Measures of Cardiac 

Structure and Function 

Lower plasma hepcidin levels associated with greater mean wall thickness, higher E 

wave velocity, higher E/e’ ratio, greater LA volume index and higher pulmonary artery 

systolic pressure in models that included demographic characteristics and clinical risk factors 

(Figure 2) (Table 3). Plasma hepcidin measures were not associated with measures of LV 

systolic function or changes in any measure of LV size, systolic function or diastolic function 

(Table 3).  

Lower plasma hepcidin levels remained associated with higher E/e’ ratio, greater LA 

volume index and higher pulmonary artery systolic pressure, but not LV mean wall thickness 

or E wave velocity, in models that also included additional potential confounders 

(Supplemental Table 8). Lower plasma hepcidin levels associated only with higher E/e’ ratio 

in models that also included plasma ferritin levels (Supplemental Table 8). Models without 

the baseline residual adjustment, with inverse probability of Visit 7 attendance weights and 

with inclusion of participants who developed incident HF before Visit 7 yielded similar 

overall associations between plasma hepcidin levels and changes in cardiac structure and 

function (Supplemental Table 8). There was no evidence of effect modification of the 

associations between plasma hepcidin levels and measures of cardiac structure and function 

(Supplemental Table 9). We did not detect any non-linear associations and the linear 

associations using 2-knots splines are shown in Figure 2. 

Discussion 

In this cohort study of community-based, older adults without prevalent HF or 

anemia, lower plasma ferritin levels and lower plasma hepcidin levels associated cross-

sectionally with echocardiographic measures representative of higher LV filling pressures and 
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diastolic dysfunction. Neither plasma ferritin levels nor plasma hepcidin levels associated 

cross-sectionally with measures of LV size or systolic function or longitudinally with any 

measure of cardiac structure and function. These results were consistent across multiple 

sensitivity analyses that were designed to test key assumptions of our analyses. These results 

highlight the interplay between cardiac dysfunction and iron metabolism and raise important 

questions for future research. 

Older adults suffer many physiological alterations that predispose to both iron 

deficiency and cardiac dysfunction.(32) In people with established HF, chronic inflammation 

is thought to lead to functional iron deficiency through increased hepcidin levels.(8) The 

efficacy of treating iron deficiency in established HF suggests that iron deficiency contributes 

to the progression of established HF.(33,34) In people without established HF, however, the 

effects of iron deficiency on subclinical cardiac dysfunction remains unclear. Previous 

research has focused on the extremes of the iron stores spectrum (anemia and iron overload), 

which represent only a small proportion of community-based adults.(35,36) Thus, we studied 

the associations between plasma ferritin, an established biomarker of iron stores, plasma 

hepcidin, the master regulator of plasma iron levels, and subclinical cardiac dysfunction. Our 

study population has generalizability to older adults in relatively good health. We excluded 

participants with prevalent anemia to focus on early stages of iron deficiency, which may be 

amenable to treatment with oral or intravenous iron supplements. The echocardiographic 

studies were comprehensive and obtained in a rigorous manner. Our study, therefore, 

provides incremental insight into the relationship between iron deficiency and incident HF, 

two highly common conditions among older adults, and identifies important questions for 

future study. 

Although lower plasma ferritin and hepcidin levels were associated with prevalent 

cardiac dysfunction, neither biomarker associated with longitudinal worsening of cardiac 
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function. While these results argue against the possibility that iron dysregulation could 

contribute to the development of incident HF, several aspects of the study design and 

population must be considered. The study population represents a relatively healthy cohort 

since individuals with the greatest risk of cardiac dysfunction progression may have 

developed HF before Visit 5, leaving a cohort with relatively intact cardiac function at Visit 5, 

or did not return for the ARIC Visit 7 echocardiogram, resulting in the largest changes in 

cardiac structure and function being unobservable.  

We used inverse probability of attrition weights to increase the contributions of the 

higher risk participants to the overall results, but the inherent challenges in predicting study 

visit attendance and the baseline health of the cohort may have limited the effects of this 

approach. We also included participants who developed incident HF between Visit 5 and Visit 

7, but the Visit 7 echocardiograms may have been performed after these individuals already 

started guideline-directed HF medical therapy, which would be expected to counteract 

declines in cardiac function.  

We should also acknowledge the possibility that lower plasma ferritin levels have no 

relationship to the risk of incident HF. The range of ferritin and hepcidin levels represented in 

our study sample may not reach levels required for an association with cardiac structure and 

function in a relatively healthy cohort. In models mutually adjusting for ferritin and hepcidin, 

all associations were attenuated. In this analysis, the included range of biomarkers suggests 

ferritin and hepcidin levels overlap and reflect the same iron stores levels and iron deficiency 

status, specifically in the absence of extremes of iron deficiency anemia and anemia of 

inflammation where potential differences in those markers could be observed.  Our analyses 

also did not account for the duration of exposure to lower ferritin or hepcidin levels. Future 

studies may provide further insight into the directions of the relationships between plasma 



58 

 

ferritin and hepcidin and cardiac structure and function by using a larger sample size with 

ferritin and hepcidin levels throughout the abnormal and normal ranges. 

Our study has some limitations. Some of the participants who were alive at Visit 5 

chose not to attend implying potential selection bias and limited generalizability to older 

adults since our cohort consisted of relatively healthy participants. Reverse causation cannot 

be ruled out due to the cross-sectional nature of the analysis. Our results do not point out to 

the ferritin or hepcidin cut-offs leading to the association with diastolic dysfunction since 

aptamer-based assays uses relative fluorescence units to report measurements. The log-

transformation and normalization of the measurements, in addition to restricting to 

participants without anemia might have limited our power to detect non-linear associations. 

Plasma ferritin and hepcidin measurements were available only at a single timepoint. 

Potential residual confounding may have affected our results. We did not adjust P-values for 

multiple testing since many of the measures within each category (structure, systolic function 

and diastolic function) correlate with or are dependent upon the other measures within that 

category. We did not discuss detailed molecular mechanisms through which ferritin and 

hepcidin may exert their effects on impairing LV diastolic functions.  

Conclusion  

Lower plasma ferritin levels and lower plasma hepcidin levels may associate cross-

sectionally with worse diastolic function in older adults free from anemia and HF. Future 

longitudinal studies with larger sample size are warranted to confirm the results. 
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Figure 1. Associations between plasma ferritin levels and select measures of cardiac structure 

and function 

 

Plasma ferritin levels were modeled using restricted cubic splines with the number of knots selected 
to minimize the Bayesian information criterion. The non-linear P-value was derived from a 
likelihood ratio test comparing the model with the plasma ferritin level restricted cubic splines and 
the model with a linear plasma ferritin level. All models included age, gender and the interaction of 
race and field center, smoking status, body mass index, diabetes mellitus, hypertension, atrial 
fibrillation, coronary heart disease, eGFR, log10-transformed C-reactive protein, Visit 5 systolic 
blood pressure and heart rate. 
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Figure 2. Associations between plasma hepcidin levels and select measures of cardiac 

structure and function 

 

Plasma hepcidin levels were modeled using restricted cubic splines with the number of knots selected to 
minimize the Bayesian information criterion. The non-linear P-value was derived from a likelihood ratio 
test comparing the model with the plasma hepcidin level restricted cubic splines and the model with a 
linear plasma hepcidin level. All models included age, gender and the interaction of race and field center, 
smoking status, body mass index, diabetes mellitus, hypertension, atrial fibrillation, coronary heart 
disease, eGFR, log10-transformed C-reactive protein, Visit 5 systolic blood pressure and heart rate.  
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Table 1. Participant characteristics in the overall cohort and according to ferritin light chain quartiles at baseline 

Characteristic 
Overall 

(N=3,472) 

Quartile 1 

(n=868) 

Quartile 2 

(n=868) 

Quartile 3 

(n=868) 

Quartile 4 

(n=868) 

P-

Value* 

Age, years   75 (5) 75 (5) 75 (5) 75 (5) 75 (5) 0.013 

Women, n (%) 1,954 (56%) 595 (68%) 572 (66%) 452 (52%) 335 (39%) <0.001 

Black, n (%) 484 (14%) 104 (12%) 108 (12%) 126 (15%) 146 (17%) 0.002 

Smoking status, n (%)       0.48 

Current  214 (6%) 63 (7%) 47 (5%) 57 (7%) 47 (5%)  

Former  1,676 (48%) 409 (47%) 399 (46%) 431 (50%) 437 (50%)  

Never  1,358 (39%) 341 (39%) 363 (42%) 326 (38%) 328 (38%)  

Unknown  224 (7%) 55 (6%) 59 (7%) 54 (6%) 56 (7%)  

Body mass index, kg/m
2
 28.3 (5.2) 28.1 (5.2) 28.1 (5.3) 28.4 (5.4) 28.8 (4.9) 0.005 

Diabetes, n (%)  956 (28%) 236 (27%) 240 (28%) 216 (25%) 264 (30%) 0.31 

Hypertension, n (%) 2,434 (70%) 612 (71%) 592 (68%) 613 (71%) 617 (71%) 0.55 

Systolic blood pressure, mm Hg 138 (19) 139 (19) 139 (19) 138 (19) 137 (19) 0.039 

Diastolic blood pressure, mm Hg 71 (11) 71 (11) 71 (12) 71 (12) 72 (11) 0.19 

Coronary heart disease, n (%) 411 (12%) 112 (13%) 102 (12%) 98 (11%) 99 (11%) 0.31 

Atrial fibrillation, n (%) 172 (5%) 54 (6%) 38 (4%) 37 (4%) 43 (5%) 0.23 

Elevated liver enzymes, n (%) 359 (11%) 83 (10%) 81 (10%) 93 (11%) 102 (12%) 0.10 

Current cancer diagnosis, n (%) 104 (3%) 19 (2%) 31 (4%) 32 (4%) 22 (3%) 0.66 
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LDL cholesterol, mg/dL 106 (34) 105 (32) 107 (34) 107 (34) 105 (36) 0.83 

Prior stroke, n (%) 83 (2%) 32 (4%) 20 (2%) 15 (2%) 16 (2%) 0.008 

Oral anticoagulant use, n (%) 178 (5%) 42 (5%) 42 (5%) 48 (6%) 46 (5%) 0.53 

Aspirin use, n (%) 2379 (69%) 635 (74%) 592 (68%) 594 (69%) 558 (65%) <0.001 

Alcohol drinking, n (%)      0.012  

Current 1875 (55%) 448 (53%) 461 (54%) 476 (56%) 490 (57%)  

Former 902 (26%) 238 (28%) 204 (24%) 228 (27%) 232 (27%)  

Never 639 (19%) 168 (20%) 184 (22%) 153 (18%) 134 (16%)  

Iron deficiency or anemia treatment use, n (%) 107 (3%) 34 (4%) 23 (3%) 24 (3%) 26 (3%) 0.31 

eGFR, mL/min per 1.73 m
2
 69 (16) 68 (16) 68 (16) 69 (16) 70 (16) 0.01 

eGFR less than 60 mL/min per 1.73 m2, n (%) 1037 (30%) 264 (30%) 272 (31%) 267 (31%) 234 (27%) 0.12 

CRP, median [25th, 75th percentile] mg/L 1.8 [0.9, 3.8] 1.8 [0.8-3.8] 1.7 [0.9-3.7] 1.8 [0.9-3.9] 1.9 [0.9-4.1] 0.047 

Hemoglobin, g/dL 13.8 (1.1) 13.6 (1.0) 13.7 (1.0) 13.9 (1.1) 14.2 (1.1) <0.001 

CRP = C-reactive protein; eGFR = estimated glomerular filtration rate; LDL = Low-density lipoprotein.  

Continuous variables are expressed as mean (SD) unless otherwise stated. 

*P-values are derived from trend tests. 
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Table 2. Associations of plasma ferritin level with echocardiographic measures of cardiac structure and function  

Outcome Visit N 
Quartile 1 Quartile 2 Quartile 3 Quartile 4 Main Model†  

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Beta (95% CI) P 

LV size          

EDVI, mL/m2 
Visit 5 3358 42.5 (10.7) 42.4 (10.0) 43.9 (10.1) 44.1 (10.4) 0.24 (-0.04 to 0.53) 0.096 

Visit 5 to 7 Change 1667 2.3 (8.7) 2.3 (8.8) 1.9 (8.0) 2.0 (7.9) 0.17 (-0.14 to 0.49) 0.28 

MWT, cm 
Visit 5 3425 0.97 (0.13) 0.97 (0.14) 0.98 (0.13) 0.99 (0.13) 0.003 (-0.001 to 0.006) 0.15 

Visit 5 to 7 Change 1738 0.05 (0.12) 0.05 (0.11) 0.05 (0.11) 0.05 (0.12) 0.000 (-0.004 to 0.005) 0.93 

RWT 
Visit 5 3418 0.43 (0.07) 0.42 (0.07) 0.42 (0.07) 0.43 (0.07) 0.001 (-0.001 to 0.003) 0.36 

Visit 5 to 7 Change 1718 0.03 (0.08) 0.03 (0.08) 0.03 (0.08) 0.03 (0.09) -0.001 (-0.004 to 0.002) 0.50 

LVMI, g/m2 
Visit 5 3418 77.1 (18.8) 77.1 (19.1) 78.5 (18.5) 78.6 (18.5) 0.25 (-0.31 to 0.80) 0.38 

Visit 5 to 7 Change 1708 4.3 (15.7) 3.8 (15.2) 3.5 (14.2) 4.5 (14.8) 0.27 (-0.33 to 0.87) 0.38 

LV systolic 

function 
        

EF, % 
Visit 5 3357 65.7 (6.3) 65.7 (6.3) 65.5 (5.7) 65.00 (6.1) 0.05 (-0.14 to 0.24) 0.58 

Visit 5 to 7 Change 1674 -1.9 (6.2) -2.6 (6.6) -2.3 (6.5) -2.4 (6.4) 0.12 (-0.12 to 0.37) 0.32 

LS, % 
Visit 5 3331 -18.1 (2.6) -18.1 (2.5) -18.0 (2.4) -17.9 (2.5) -0.01 (-0.08 to 0.07) 0.88 

Visit 5 to 7 Change 1649 -0.5 (3.0) -0.6 (2.8) -0.5 (2.7) -0.4 (2.8) -0.05 (-0.16 to 0.05) 0.31 

CS, % 
Visit 5 2739 -27.9 (4.1) -28.1 (3.9) -27.7 (3.7) -27.4 (3.7) -0.08 (-0.21 to 0.06) 0.27 

Visit 5 to 7 Change 1126 -0.5 (4.1) -0.8 (4.2) -0.7 (4.1) -0.6 (4.2) 0.01 (-0.17 to 0.19) 0.92 

LV Diastolic 

Function 
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E wave, cm/s 
Visit 5 3439 67.4 (18.7) 66.0 (17.4) 65.3 (17.7) 63.5 (16.3) 0.65 (0.11 to 1.18) 0.018 

Visit 5 to 7 Change 1751 10.7 (19.1) 9.0 (19.1) 8.0 (16.8) 7.8 (16.9) 0.32 (-0.39 to 1.04) 0.38 

Septal e’, cm/s 
Visit 5 3435 5.7 (1.5) 5.7 (1.5) 5.7 (1.4) 5.9 (1.6) -0.05 (-0.09 to 0.00) 0.05 

Visit 5 to 7 Change 1741 -0.4 (1.6) -0.5 (1.6) -0.4 (1.4) -0.6 (1.5) 0.05 (-0.00 to 0.11) 0.056 

E/e’ ratio 
Visit 5 3435 12.5 (4.5) 12.3 (4.2) 11.9 (3.7) 11.4 (3.5) 0.24 (0.12 to 0.36) <0.001 

Visit 5 to 7 Change 1741 3.1 (4.5) 3.2 (5.1) 2.8 (4.4) 2.9 (4.3) -0.02 (-0.20 to 0.16) 0.84 

LAVI, mL/m2 
Visit 5 3414 25.3 (8.5) 24.9 (7.7) 24.8 (7.8) 24.9 (8.1) 0.22 (-0.02 to 0.46) 0.071 

Visit 5 to 7 Change 1701 3.0 (7.2) 3.0 (7.0) 2.9 (6.6) 2.1 (6.8) 0.14 (-0.15 to 0.44) 0.35 

PASP, mmHg 
Visit 5 1947 28.1(5.5) 27.8 (5.4) 27.4 (4.9) 27.2 (5.5) 0.22 (0.00 to 0.44) 0.050 

Visit 5 to 7 Change 835 5.5 (8.3) 4.2 (7.3) 5.3 (7.6) 5.1 (7.3) -0.28 (-0.75 to 0.19) 0.24 

CI = confidence interval; CS = circumferential strain; EDVI = end diastolic volume index; EF = ejection fraction; LV = left ventricular; LS = longitudinal strain; LAVI = left 
atrial volume index; LVMI = left ventricular mass index; MWT = mean wall thickness; PASP = pulmonary artery systolic pressure; SD = standard deviation; RWT = relative 
wall thickness. 

† The main model for outcomes measured at Visit 5 included age, gender and the interaction of race and field center, smoking status, body mass index, diabetes mellitus, 
hypertension, atrial fibrillation, coronary heart disease, eGFR, log10-transformed C-reactive protein, Visit 5 systolic blood pressure and heart rate. The main model for changes 
in outcomes from Visit 5 to Visit 7 additionally included Visit 7 systolic blood pressure, Visit 7 heart rate, the baseline residual of the Visit 5 outcome value and excluded 
participants with interval HF between Visit 5 and Visit 7. 
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Table 3. Associations of plasma hepcidin levels with echocardiographic measures of cardiac structure and function 

Outcome Visit N 
Quartile 1 Quartile 2 Quartile 3 Quartile 4 Main Model†  

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Beta (95% CI) P 

LV structure          

EDVI, mL/m2 
Visit 5 3358 43.3 (11.0) 43.9 (10.2) 42.9 (10.0) 42.9 (10.0) 0.20 (-0.07 to 0.47) 0.15 

Visit 5 to 7 Change 1667 2.3 (8.7) 2.2 (9.2) 2.0 (8.0) 2.0 (7.3) 0.05 (-0.25 to 0.36) 0.74 

MWT, cm 
Visit 5 3425 0.98 (0.13) 0.97 (0.13) 0.98 (0.14) 0.98 (0.13) 0.004 (0.000 to 0.007) 0.045 

Visit 5 to 7 Change 1738 0.05 (0.12) 0.05 (0.11) 0.05 (0.11) 0.05 (0.12) -0.000 (-0.005 to 0.005) 0.99 

RWT 
Visit 5 3418 0.43 (0.07) 0.42 (0.07) 0.42 (0.07) 0.42 (0.07) 0.001 (-0.001 to 0.003) 0.34 

Visit 5 to 7 Change 1718 0.03 (0.08) 0.03 (0.08) 0.03 (0.08) 0.03 (0.08) -0.001 (-0.005 to 0.002) 0.43 

LVMI, g/m2 
Visit 5 3418 78.2 (19.2) 78.3 (18.8) 77.5 (18.0) 77.1 (18.9) 0.30 (-0.23 to 0.83) 0.26 

Visit 5 to 7 Change 1708 3.8 (15.7) 4.3 (15.6) 4.2 (14.1) 3.9 (14.3) 0.36 (-0.22 to 0.95) 0.23 

LV systolic 

function 
        

EF, % 
Visit 5 3357 65.5 (6.3) 65.6 (6.1) 65.4 (5.9) 65.6 (6.2) 0.05 (-0.13 to 0.23) 0.62 

Visit 5 to 7 Change 1674 -2.1 (6.0) -2.7 (6.8) -2.3 (6.4) -2.1 (6.3) 0.08 (-0.16 to 0.31) 0.53 

LS, % 
Visit 5 3331 -17.9 (2.6) -18.0 (2.5) -18.1 (2.5) -18.1 (2.5) -0.02 (-0.09 to 0.05) 0.55 

Visit 5 to 7 Change 1649 -0.5 (3.0) -0.6 (2.8) -0.6 (2.9) -0.4 (2.7) -0.04 (-0.14 to 0.06) 0.42 

CS, % 
Visit 5 2739 -27.7 (4.0) -27.9 (3.9) -27.7 (3.8) -27.7 (3.6) -0.08 (-0.20 to 0.05) 0.24 

Visit 5 to 7 Change 1126 -0.4 (4.2) -1.0 (4.5) -0.7 (3.9) -0.6 (4.0) -0.02 (-0.19 to 0.15) 0.80 

LV Diastolic 

Function 
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E wave, cm/s 
Visit 5 3439 67.0 (18.4) 66.3 (18.0) 64.4 (17.0) 64.5 (16.8) 0.52 (0.01 to 1.03) 0.046 

Visit 5 to 7 Change 1751 10.0 (18.7) 8.3 (18.7) 8.7 (18.1) 8.4 (16.3) -0.33 (-1.03 to 0.38) 0.36 

Septal e’, cm/s 
Visit 5 3435 5.7 (1.4) 5.7 (1.5) 5.7 (1.5) 5.8 (1.5) -0.036 (-0.079 to 0.007) 0.10 

Visit 5 to 7 Change 1741 -0.4 (1.5) -0.6 (1.7) -0.5 (1.5) -0.5 (1.5) 0.01 (-0.04 to 0.07) 0.65 

E/e’ ratio 
Visit 5 3435 12.4 (4.3) 12.3 (4.2) 11.8 (3.9) 11.6 (3.5) 0.18 (0.07 to 0.30) 0.002 

Visit 5 to 7 Change 1741 3.1 (4.5) 3.1 (4.9) 2.8 (4.5) 2.9 (4.4) -0.05 (-0.23 to 0.13) 0.59 

LAVI, mL/m2 
Visit 5 3414 25.7 (8.7) 25.3 (8.0) 24.5 (7.4) 24.4 (7.9) 0.33 (0.10 to 0.56) 0.005 

Visit 5 to 7 Change 1701 2.9 (7.1) 2.8 (7.6) 2.6 (6.5) 2.6 (6.5) 0.02 (-0.27 to 0.31) 0.88 

PASP, mmHg 
Visit 5 1947 27.8 (5.5) 28.0 (5.4) 27.4 (4.8) 27.4 (5.4) 0.25 (0.04 to 0.45) 0.02 

Visit 5 to 7 Change 835 5.3 (7.9) 4.7 (8.1) 4.8 (7.5) 5.2 (7.1) -0.39 (-0.84 to 0.06) 0.092 

CI = confidence interval; CS = circumferential strain; EDVI = end diastolic volume index; EF = ejection fraction; LV = left ventricular; LS = longitudinal strain; 
LAVI = left atrial volume index; LVMI = left ventricular mass index; MWT = mean wall thickness; PASP = pulmonary artery systolic pressure; SD = standard 
deviation; RWT = relative wall thickness. 

† The main model for outcomes measured at Visit 5 included age, gender and the interaction of race and field center, smoking status, body mass index, diabetes 
mellitus, hypertension, atrial fibrillation, coronary heart disease, eGFR, log10-transformed C-reactive protein, Visit 5 systolic blood pressure and heart rate. The main 
model for changes in outcomes from Visit 5 to Visit 7 additionally included Visit 7 systolic blood pressure, Visit 7 heart rate, the baseline residual of the Visit 5 
outcome value and excluded participants with interval HF between Visit 5 and Visit 7. 
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Supplemental Figure 1. Study cohort selection 

 

ARIC = Atherosclerosis Risk in Communities; PASP = pulmonary artery systolic pressure. 
The Visit 5 cardiac structure and function analyses included participants who were free from heart failure and 
anemia at Visit 5 and had available measurements of ferritin, hepcidin and model covariates. The number of 
missing values for Visit 5 echocardiographic measures ranged from 32 for E wave velocity to 1,524 for PASP. 
The number of missing values for changes in echocardiographic measures from Visit 5 to Visit 7 ranged from 
1,427 for E wave velocity to 2,343 for PASP. 

ARIC Visit 5 Participants
(N = 6,538)

Excluded:
-1,343 missing ferritin and hepcidin levels
-527 with prevalent heart failure
-946 with anemia or missing hemoglobin
-80 missing current smoking status
-63 missing body mass index
-30 missing diabetes status
-33 missing hypertension status
-44 missing atrial fibrillation history

Eligible for Visit 5 Cardiac Structure and 
Function Analyses

(n = 3,472)

Change in cardiac structure and function 
measures:
-1,427-2,343 missing for E wave to PASP

Visit 5 to Visit 7 Change in Cardiac Structure 
and Function Analyses

(n = 836 to 1,752)

Visit 5 echocardiography measures:
-32-1,524 missing for E wave to PASP

Included in Visit 5 Cardiac Structure and 
Function Analyses

(n = 1,948 to 3,440)
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Supplemental Table 1. Summary of evidence supporting the specificity of SomaScan aptamers 

Aptamer Target Gene symbol 

(Uniprot ID) 

SomaLogic 

Identifier 

cis-pQTL  

(rsID) 

Protein Altering 

Variant 
Reference 

Ferritin light chain 
FTL 

(P02792) 
15324_58 rs4802523 No Zhang et al.(15) 

Ferritin light chain 
FTL 

(P02792) 
15324_58 rs192331981 No Ferkingstad et al.(16) 

Hepcidin 
HAMP 

(P81172) 

SeqId_3504_58 

 
rs115123127 Yes Zhang et al.(15)  

Hepcidin 
HAMP 

(P81172) 

SeqId_3504_58 

 
rs185716928 Yes Ferkingstad et al. 

Ferritin heavy chain/light 

chain complex 
FTL/FHT1 P02792/P02794 N/A N/A N/A 

pQTL = protein quantitative trait locus; rsID = Reference SNP cluster identifier; SeqID =  Sequence identifier; Uniprot ID = protein identifier in Uniprot database. 
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Supplemental Table 2. Participant characteristics in the overall cohort and according to hepcidin quartiles at baseline  

Characteristic 
Overall 

(N=3,472) 

Quartile 1 

(n=868) 

Quartile 2 

(n=868) 

Quartile 3 

(n=868) 

Quartile 4 

(n=868) 
P-Value 

Age, years   75 (5) 75 (5) 75 (5) 75 (5) 75 (5) 0.90 

Women, n (%) 1,954 (56%) 512 (59%) 501 (58%) 486 (56%) 455 (52%) 0.004 

Black, n (%) 484 (14%) 120 (14%) 122 (14%) 115 (13%) 127 (15%) 0.76 

Smoking status, n (%)       0.26 

Current  214 (6%) 57 (7%) 63 (7%) 43 (5%) 51 (6%)  

Former  1,676 (48%) 434 (50%) 399 (46%) 429 (49%) 414 (48%)  

Never  1,358 (39%) 324 (37%) 343 (40%) 343 (40%) 348 (40%)  

Unknown  224 (7%) 53 (6%) 63 (7%) 53 (6%) 55 (6%)  

Body mass index, kg/m
2
 28.3 (5.2) 28.4 (5.1) 27.9 (5.4) 28.3 (5.1) 28.8 (5.2) 0.07 

Diabetes, n (%)  956 (28%) 263 (30%) 228 (26%) 224 (26%) 241 (28%) 0.23 

Hypertension, n (%) 2,434 (70%) 618 (71%) 600 (69%) 611 (70%) 605 (70%) 0.64 

Systolic blood pressure, mm Hg 138 (19) 140 (19) 138 (19) 138 (18) 137 (20) <0.001 

Diastolic blood pressure, mm Hg 71 (11) 72 (11) 71 (12) 72 (12) 70 (11) 0.05 

Coronary heart disease, n (%) 411 (12%) 123 (14%) 108 (12%) 88 (10%) 92 (11%) 0.008 

Atrial fibrillation, n (%) 172 (5%) 65 (8%) 36 (4%) 36 (4%) 435 (4%) 0.002 

Elevated liver enzymes, n (%) 359 (11%) 98 (12%) 93 (11%) 86 (10%) 82 (10%) 0.18 

Current cancer diagnosis, n (%) 104 (3%) 25 (3%) 26 (3%) 30 (4%) 23 (3%) 0.93 
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LDL cholesterol, mg/dL 106 (34) 105 (33) 104 (32) 107 (34) 107 (36) 0.06 

Prevalent stroke, n (%) 83 (2%) 29 (3%) 19 (2%) 13 (2%) 22 (3%) 0.18 

Oral anticoagulant use, n (%) 178 (5%) 58 (7%) 37 (4%) 43 (5%) 42 (5%) 0.11 

Aspirin use, n (%) 2379 (69%) 646 (75%) 599 (69%) 586 (68%) 548 (64%) < 0.001 

Alcohol drinking, n (%)      0.26 

Current 1875 (55%) 475 (56%) 468 (55%) 480 (56%) 452 (53%)  

Former 902 (26%) 228 (27%) 221 (26%) 214 (25%) 239 (28%)  

Never 639 (19%) 146 (17%) 168 (20%) 159 (19%) 166 (19%)  

Iron deficiency or anemia treatment use, n (%) 107 (3%) 33 (4%) 24 (3%) 21 (2%) 29 (3%) 0.51 

eGFR, mL/min per 1.73 m
2
 69 (16) 70 (16) 70 (17) 68 (15) 66 (17) < 0.001 

eGFR less than 60 mL/min per 1.73 m2, n (%) 1037 (30%) 225 (26%) 224 (26%) 262 (30%) 326 (38%) < 0.001 

CRP, median [25th, 75th percentile] mg/L 1.8 [0.9, 3.8] 1.7 [0.8-3.5] 1.6 [0.8-3.5] 1.8 [1.0-3.9] 2.1 [1.0-4.1] < 0.001 

Hemoglobin, g/dL 13.8 (1.1) 13.8 (1.1) 13.8 (1.1) 13.9 (1.1) 13.9 (1.1) 0.007 

CRP = C-reactive protein; eGFR = estimated glomerular filtration rate; LDL = low-density lipoprotein.  

Continuous variables are expressed as mean (SD) unless otherwise stated. 

*P-values are derived from trend tests. 
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Supplemental Table 3. Baseline characteristics of the participants included in and 
excluded from the analysis 

Characteristic 
Excluded 

(N= 3066) 

Overall 

(N=3,472) 
P-Value 

Age, years   77 (6) 75 (5) <0.001 

Women, n (%) 1891 (62%) 1,954 (56%) <0.001 

Black, n (%) 1059 (35%) 484 (14%)  

Smoking status, n (%)    <0.001 

Current  149 (5%) 214 (6%)  

Former  1288 (46%) 1,676 (48%)  

Never  1034 (37%) 1,358 (39%)  

Unknown  358 (13%) 224 (7%)  

Body mass index, kg/m
2
 29.3 (6.4) 28.3 (5.2) <0.001 

Diabetes, n (%)  1170 (42%) 956 (28%) <0.001 

Hypertension, n (%) 2391 (80%) 2,434 (70%) <0.001 

Systolic blood pressure, mm Hg 139 (20) 138 (19) 0.23 

Diastolic blood pressure, mm Hg 70 (12) 71 (11) <0.001 

Coronary heart disease, n (%) 576 (19%) 411 (12%) <0.001 

Atrial fibrillation, n (%) 375 (13%) 172 (5%) <0.001 

Elevated liver enzymes, n (%) 344 (12%) 359 (11%) 0.10 

Current cancer diagnosis, n (%) 107 (3.5%) 104 (3%) 0.26 

LDL cholesterol, mg/dL 102 (35) 106 (34) <0.001 

Prevalent stroke, n (%) 184 (6%) 83 (2%) <0.001 

Oral anticoagulant use, n (%) 324 (10%) 178 (5%) <0.001 

Aspirin use, n (%) 2092 (69%) 2379 (69%) 0.92 

Alcohol drinking, n (%)   <0.001 

Current 1105 (41%) 1875 (55%)  

Former 914 (34%) 902 (26%)  

Never 673 (25%) 639 (19%)  

Iron deficiency or anemia treatment use, n (%) 235 (8%) 107 (3%) <0.001 

eGFR, mL/min per 1.73 m
2
 62 (20) 69 (16) <0.001 

eGFR less than 60 mL/min per 1.73 m2, n (%) 1431 (47%) 1037 (30%) <0.001 
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CRP, median [25th, 75th percentile] mg/L 2.4 [1.1, 5.3] 1.8 [0.9, 3.8] <0.001 

Hemoglobin, g/dL 12.6 (1.6) 13.8 (1.1) <0.001 

 CRP = C-reactive protein; eGFR = estimated glomerular filtration rate; LDL = low-density lipoprotein.  
 Continuous variables are expressed as mean (SD) unless otherwise stated. 
 P-values are derived from Chi-squared, student’s t-test, or Mann-Whitney test as appropriate. 
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Supplemental Table 4. Participant characteristics according to availability of paired 

echocardiograms at Visit 5 and Visit 7 

 Echocardiogram Availability  

Characteristic 
Visit 5 Only 

(n=1610) 

Visit 5 and Visit 7 

(n = 1,865) 

P-

Value* 

Age, years   77 (5) 74 (4) <0.001 

Women, n (%) 918 (57%) 1,036 (56%) 0.35 

Black, n (%) 207 (13%) 277 (15%) 0.09 

Smoking status, n (%)    <0.001 

Current  111 (7%) 103 (6%)  

Former  752 (47%) 924 (50%)  

Never  603 (38%) 755 (41%)  

Unknown  141 (9%) 83 (5%)  

Body mass index, kg/m
2
 28.2 (5.5) 28.4 (5) 0.26 

Diabetes, n (%)  504 (31%) 452 (24%) <0.001 

Hypertension, n (%) 1,205 (75%) 1,229 (66%) <0.001 

Systolic blood pressure, mm Hg 140 (19) 137 (18) <0.001 

Diastolic blood pressure, mm Hg 71 (12) 71 (11) 0.42 

Coronary heart disease, n (%) 228 (14%) 183 (10%) <0.001 

Atrial fibrillation, n (%) 106 (7%) 66 (4%) <0.001 

Elevated liver enzymes, n (%) 182 (12%) 177 (10%) 0.048 

Current cancer diagnosis, n (%) 58 (4%) 46 (3%) 0.049 

LDL cholesterol, mg/dL 105 (35) 107 (32) 0.37 

Prevalent stroke, n (%) 49 (3%) 58 (3%) 0.92 

Oral anticoagulant use, n (%) 106 (7%) 72 (4%) <0.001 

Aspirin use, n (%) 1104 (69%) 1275 (69%) 0.71 

Alcohol drinking, n (%)    

Current 828 (53%) 1047 (57%) 0.029 

Former 426 (27%) 476 (26%)  

Never 319 (20%) 320 (17%)  

Iron deficiency or anemia treatment use, n (%) 49 (3%) 58 (3%) 0.92 

eGFR, mL/min per 1.73 m
2
 66 (17) 71 (16) <0.001 

eGFR less than 60 mL/min per 1.73 m2, n (%) 569 (35%) 468 (25%) <0.001 
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CRP, median [25th, 75th percentile] mg/L 1.9 [0.9, 3.9] 1.7 [0.9, 3.7] 0.16 

Hemoglobin, g/dL 13.8 (1.1) 13.8 (1.1) 0.56 

CRP = C-reactive protein; eGFR = estimated glomerular filtration rate; LDL = low-density lipoprotein.  

Continuous variables are expressed as mean (SD) unless otherwise stated. 

*P-values are derived from Chi-squared test, t-test, and Mann-Whitney test as appropriate. 
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Supplemental Table 5. Sensitivity analyses of the associations of plasma ferritin levels with measures of cardiac structure and function 

  Visit 5 Sensitivity Analyses Visit 5 to Visit 7 Change Sensitivity Analyses 

Outcome Visit 

Additional 

Confounders*# 
 

Hepcidin-

Adjusted@ 
 

No Baseline 

Adjustment^ 
 IPAW&  

Including Interval 

HF% 
 

Beta (95% CI) P Beta (95% CI) P Beta (95% CI) P Beta (95% CI) P Beta (95% CI) P 

LV structure             

EDVI, mL/m2 

Visit 5 
0.24  

(-0.05 to 0.54) 
0.11 

0.21  

(-0.29 to 0.71) 
0.41 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

0.20  

(-0.12 to 0.52) 
0.23 

0.40  

(-0.15 to 0.95) 
0.16 

0.14  

(-0.21 to 0.48) 
0.43 

0.218  

(-0.121 to 0.557) 
0.21 

0.30  

(-0.03 to 0.63) 

0.07

4 

MWT, cm 

Visit 5 
0.003  

(-0.001 to 0.007) 
0.17 

-0.001  

(-0.007 to 0.005) 
0.74 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

0.000  

(-0.004 to 0.005) 
0.90 

-0.002  

(-0.010 to 0.006) 
0.65 

-0.000  

(-0.005 to 0.005) 
0.90 

0.000  

(-0.005 to 0.006) 
0.96 

0.000  

(-0.004 to 0.005) 
0.94 

RWT 

Visit 5 
0.001  

(-0.001 to 0.003) 
0.31 

0.000  

(-0.003 to 0.004) 
0.83 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

-0.001  

(-0.004 to 0.002) 
0.57 

-0.001  

(-0.007 to 0.005) 
0.80 

-0.001  

(-0.005 to 0.003) 
0.58 

-0.001  

(-0.005 to 0.002) 
0.50 

-0.001  

(-0.004 to 0.002) 
0.50 

LVMI, g/m2 

Visit 5 
0.28  

(-0.30 to 0.85) 
0.35 

-0.04  

(-1.0 to 0.92) 
0.94 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

0.32  

(-0.30 to 0.93) 
0.31 

-0.30  

(-1.36 to 0.75) 
0.57 

0.17  

(-0.47 to 0.81) 
0.61 

0.32  

(-0.35 to 0.99) 
0.35 

0.28  

(-0.33 to 0.89) 
0.37 
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LV systolic 

function 
           

EF, % 

Visit 5 
0.02  

(-0.18 to 0.21) 
0.87 

0.04  

(-0.29 to 0.37) 
0.80 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

0.09  

(-0.17 to 0.34) 
0.50 

0.22  

(-0.21 to 0.65) 
0.31 

0.10  

(-0.17 to 0.37) 
0.47 

0.09  

(-0.15 to 0.33) 
0.45 

0.08  

(-0.18 to 0.33) 
0.55 

LS, % 

Visit 5 
0.01  

(-0.07 to 0.09) 
0.78 

0.04 

 (-0.09 to 0.17) 
0.55 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

-0.04  

(-0.15 to 0.07) 
0.47 

-0.07  

(-0.25 to 0.11) 
0.45 

-0.04  

(-0.16 to 0.09) 
0.56 

-0.05  

(-0.16 to 0.07) 
0.43 

-0.06  

(-0.17 to 0.04) 
0.25 

CS, % 

Visit 5 
-0.07  

(-0.21 to 0.07) 
0.33 

-0.03  

(-0.26 to 0.20) 
0.81 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

0.002  

(-0.181 to 0.184) 
0.98 

0.09  

(-0.22 to 0.39) 
0.59 

0.04  

(-0.18 to 0.26) 
0.74 

-0.02  

(-0.19 to 0.16) 
0.85 

-0.03  

(-0.21 to 0.15) 
0.76 

LV Diastolic 

Function 
           

E wave, cm/s 

Visit 5 
0.58  

(0.03 to 1.14) 
0.039 

0.60  

(-0.32 to 1.53) 
0.20 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

0.28  

(-0.45 to 1.02) 
0.45 

1.88  

(0.63 to 3.13) 
0.003 

0.36  

(-0.38 to 1.11) 
0.34 

0.42  

(-0.33 to 1.16) 
0.27 

0.77  

(0.05 to 1.49) 

0.03

7 

Septal e’, cm/s 

Visit 5 
-0.05  

(-0.10 to -0.01) 
0.024 

-0.04  

(-0.12 to 0.04) 
0.29 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

0.05  

(-0.00 to 0.11) 
0.069 

0.15  

(0.05 to 0.24) 
0.003 

0.04  

(-0.03 to 0.11) 
0.23 

0.04  

(-0.02 to 0.09) 
0.15 

0.06  

(0.00 to 0.11) 

0.04

6 

E/e’ ratio Visit 5 0.25  <0.001 0.26  0.013 -- -- -- -- -- -- 
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CI = confidence interval; CS = circumferential strain; EDVI = end diastolic volume index; EF = ejection fraction; LV = left ventricular; LS = longitudinal strain; LAVI = left atrial 
volume index; LVMI = left ventricular mass index; MWT = mean wall thickness; PASP = pulmonary artery systolic pressure; SD = standard deviation; RWT = relative wall 
thickness. 

* The main model for outcomes measured at Visit 5 included age, gender and the interaction of race and field center, smoking status, body mass index, diabetes mellitus, 
hypertension, atrial fibrillation, coronary heart disease, eGFR, log10-transformed C-reactive protein, Visit 5 systolic blood pressure and heart rate. The main model for changes in 
outcomes from Visit 5 to Visit 7 additionally included Visit 7 systolic blood pressure, Visit 7 heart rate, the baseline residual of the Visit 5 outcome value and excluded participants 
with interval HF between Visit 5 and Visit 7.  

# The model with additional potential confounders included prior stroke, LDL cholesterol, Visit 4 alanine aminotransferase, Visit 4 aspartate aminotransferase level, current cancer 
diagnosis, alcohol use history, aspirin use, oral anticoagulant use and iron deficiency or anemia treatment use.  

@ The hepcidin adjusted model included the main model covariates and log2-hepcidin levels. 

^ The model with no baseline adjustment excluded the baseline residual adjustment.  

& The IPAW model used inverse probability weighting to address non-random, non-attendance bias.  

% The model including interval HF included participants who experienced an incident heart failure event between Visit 5 and Visit 7 (who were excluded from the main model). 

(0.13 to 0.38) (0.06 to 0.47) 

Visit 5 to 

7 Change 

-0.03  

(-0.22 to 0.15) 
0.73 

0.06  

(-0.26 to 0.38) 
0.70 

0.00  

(-0.18 to 0.18) 
1.00 

0.03  

(-0.16 to 0.22) 
0.78 

0.05  

(-0.13 to 0.23) 
0.59 

LAVI, mL/m2 

Visit 5 
0.28  

(0.03 to 0.52) 
0.027 

-0.18  

(-0.59 to 0.23) 
0.40 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

0.10  

(-0.20 to 0.40) 
0.52 

0.312  

(-0.21 to 0.83) 
0.24 

0.09  

(-0.21 to 0.39) 
0.56 

0.05  

(-0.26 to 0.36) 
0.74 

0.21  

(-0.08 to 0.50) 
0.16 

PASP, mmHg 

Visit 5 
0.19  

(-0.04 to 0.42) 
0.10 

0.02  

(-0.36 to 0.41) 
0.91 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

-0.20  

(-0.69 to 0.28) 
0.42 

0.107  

(-0.70 to 0.91) 
0.79 

-0.22  

(-0.71 to 0.26) 
0.36 

-0.37  

(-0.88 to 0.14) 
0.15 

-0.19  

(-0.67 to 0.28) 
0.43 
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Supplemental Table 6. Associations of plasma ferritin heavy/light chain complex levels with echocardiographic measures of cardiac structure and 

function 

Outcome Visit N 
Quartile 1 Quartile 2 Quartile 3 Quartile 4 Base*  Hepcidin adjusted#  

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Beta (95% CI) P Beta (95% CI) P 

LV structure  

EDVI, mL/m2 
Visit 5 3358 42.5 (10.7) 42.4 (10.2) 44.0 (9.9) 44.1 (10.4) 0.253 (-0.034 to 0.540) 0.084 0.238 (-0.261 to 0.737) 0.35 

Visit 5 to 7 Change 922 2.5 (9.3) 2.2 (8.2) 1.7 (7.8) 2.1 (8.0) 0.178 (-0.137 to 0.493) 0.27 0.417 (-0.138 to 0.973) 0.14 

MWT, cm 
Visit 5 3425 0.97 (0.13) 0.97 (0.14) 0.98 (0.13) 0.99 (0.13) 0.003 (-0.001 to 0.007) 0.14 -0.001 (-0.007 to 0.006) 0.79 

Visit 5 to 7 Change 954 0.05 (0.12) 0.05 (0.11) 0.05 (0.11) 0.05 (0.12) 0.000 (-0.004 to 0.005) 0.93 -0.002 (-0.010 to 0.006) 0.67 

RWT 
Visit 5 3418 0.43 (0.07) 0.42 (0.07) 0.42 (0.07) 0.43 (0.07) 0.001 (-0.001 to 0.003) 0.33 0.001 (-0.003 to 0.004) 0.74 

Visit 5 to 7 Change 941 0.03 (0.08) 0.03 (0.08) 0.02 (0.07) 0.03 (0.09) -0.001 (-0.005 to 0.002) 0.45 -0.001 (-0.007 to 0.005) 0.72 

LVMI, g/m2 
Visit 5 3418 77.1 (18.8) 77.1 (19.1) 78.4 (18.5) 78.5 (18.4) 0.25 (-0.31 to 0.81) 0.38 -0.03 (-0.99 to 0.94) 0.95 

Visit 5 to 7 Change 937 4.4 (16.0) 3.7 (15.0) 3.4 (13.7) 4.6 (15.0) 0.29 (-0.31 to 0.89) 0.35 -0.24 (-1.30 to 0.81) 0.65 

LV systolic function 

EF, % 
Visit 5 3357 65.7 (6.2) 65.9 (6.3) 65.5 (5.7) 65.0 (6.1) 0.05 (-0.15 to 0.23) 0.64 0.02 (-0.31 to 0.35) 0.92 

Visit 5 to 7 Change 925 -2.0 (6.5) -2.5 (6.6) -2.4 (6.4) -2.3 (6.4) 0.13 (-0.12 to 0.37) 0.32 0.21 (-0.22 to 0.64) 0.34 

LS, % 
Visit 5 3331 -18.1 (2.6) -18.1 (2.5) -18.0 (2.4) -17.9 (2.5) -0.005 (-0.081 to 0.071) 0.89 0.042 (-0.090 to 0.173) 0.53 

Visit 5 to 7 Change 913 -0.5 (3.0) -0.60 (2.8) -0.4 (2.7) -0.5 (2.8) -0.06 (-0.16 to 0.05) 0.29 -0.08 (-0.26 to 0.11) 0.41 
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CS, % 
Visit 5 2739 -27.9 (4.1) -28.1 (3.8) -27.7 (3.7) -27.4 (3.6) -0.07 (-0.21 to 0.06) 0.29 -0.02 (-0.25 to 0.21) 0.86 

Visit 5 to 7 Change 652 -0.5 (4.2) -0.8 (4.2) -0.8 (4.0) -0.5 (4.2) 0.002 (-0.175 to 0.179) 0.98 0.062 (-0.249 to 0.372) 0.70 

LV Diastolic Function 

E wave, cm/s 
Visit 5 3439 67.4 (18.7) 66.0 (17.6) 65.2 (17.6) 63.5 (16.2) 0.65 (0.11 to 1.19) 0.018 0.60 (-0.33 to 1.53) 0.21 

Visit 5 to 7 Change 956 10.8 (19.1) 8.8 (19.2) 8.1 (16.8) 7.7 (16.8) 0.34 (-0.38 to 1.06) 0.35 1.93 (0.67 to 3.18) 0.003 

Septal e’, cm/s 
Visit 5 3435 5.6 (1.5) 5.7 (1.5) 5.7 (1.4) 5.9 (1.5) -0.05 (-0.09 to -0.00) 0.045 -0.05 (-0.12 to 0.03) 0.25 

Visit 5 to 7 Change 953 -0.38 (1.58) -0.5 (1.6) -0.4 (1.4) -0.6 (1.5) 0.06 (0.00 to 0.11) 0.048 0.15 (0.06 to 0.25) 0.002 

E/e’ ratio 
Visit 5 3435 12.6 (4.5) 12.2 (4.2) 11.9 (3.6) 11.4 (3.5) 0.25 (0.13 to 0.36) <0.001 0.27 (0.06 to 0.47) 0.012 

Visit 5 to 7 Change 953 3.1 (4.5) 3.2 (5.1) 2.8 (4.4) 2.9 (4.3) -0.02 (-0.20 to 0.16) 0.82 0.06 (-0.26 to 0.38) 0.72 

LAVI, mL/m2 
Visit 5 3414 25.3 (8.5) 24.8 (7.8) 24.9 (7.7) 24.9 (8.1) 0.23 (-0.01 to 0.47) 0.062 -0.16 (-0.57 to 0.26) 0.46 

Visit 5 to 7 Change 933 3.0 (7.3) 3.1 (6.8) 2.7 (6.6) 2.2 (6.8) 0.14 (-0.15 to 0.44) 0.35 0.31 (-0.21 to 0.83) 0.24 

PASP, mmHg 
Visit 5 1947 28.0 (5.4) 27.8 (5.4) 27.5 (5.0) 27.2 (5.5) 0.23 (0.01 to 0.45) 0.045 0.04 (-0.35 to 0.42) 0.85 

Visit 5 to 7 Change 835 5.4 (8.3) 4.3 (7.5) 5.3 (7.5) 5.0 (7.3) -0.30 (-0.77 to 0.17) 0.22 0.06 (-0.75 to 0.87) 0.89 

CI = confidence interval; CS = circumferential strain; EDVI = end diastolic volume index; EF = ejection fraction; LV = left ventricular; LS = longitudinal strain; LAVI = left 
atrial volume index; LVMI = left ventricular mass index; MWT = mean wall thickness; PASP = pulmonary artery systolic pressure; SD = standard deviation; RWT = relative 
wall thickness. 

* The main model for outcomes measured at Visit 5 included age, gender and the interaction of race and field center, smoking status, body mass index, diabetes mellitus, 
hypertension, atrial fibrillation, coronary heart disease, eGFR, log10-transformed C-reactive protein, Visit 5 systolic blood pressure and heart rate. The main model for changes 
in outcomes from Visit 5 to Visit 7 additionally included Visit 7 systolic blood pressure, Visit 7 heart rate, the baseline residual of the Visit 5 outcome value and excluded 
participants with interval HF between Visit 5 and Visit 7. 

# The hepcidin adjusted model included log2-hepcidin levels in addition to the main model covariates. 
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Supplemental Table 7. Effect modification of the association between plasma ferritin light 

chain levels and measures of cardiac structure and function between men and women 

Outcome Visit N Beta (95% CI) per 50% Lower Ferritin Level* 

   Women Men P-Int. 

LV structure       

EDVI, mL/m2 
Visit 5 3358 -0.07 (-0.46 to 0.31) 0.60 (0.19 to 1.01) 0.019 

Visit 5 to 7 change 922 0.50 (-0.05 to 1.04) -0.52 (-1.28 to 0.23) 0.032 

MWT, cm 
Visit 5 3425 0.00 (0.00 to 0.01) 0.00 (0.00 to 0.01) 0.70 

Visit 5 to 7 change 954 0.00 (-0.01 to 0.01) 0.00 (-0.01 to 0.01) 0.88 

RWT 
Visit 5 3418 0.00 (0.00 to 0.00) 0.00 (0.00 to 0.00) 0.95 

Visit 5 to change  941 -0.01 (-0.01 to 0.00) 0.00 (-0.01 to 0.01) 0.68 

LVMI, g/m2 
Visit 5 3418 0.16 (-0.59 to 0.91) 0.34 (-0.46 to 1.15) 0.74 

Visit 5 to 7 change 937 0.45 (-0.59 to 1.49) -0.43 (-1.91 to 1.05) 0.34 

LV systolic 

function  

  
   

EF, % 
Visit 5 3357 0.10 (-0.16 to 0.36) 0.00 (-0.27 to 0.27) 0.61 

Visit 5 to 7 change 925 -0.09 (-0.55 to 0.37) -0.46 (-1.10 to 0.18) 0.36 

LS, %  
Visit 5 3331 -0.07 (-0.18 to 0.03) 0.07 (-0.04 to 0.18) 0.06 

Visit 5 to 7 change 913 -0.11 (-0.32 to 0.11) 0.20 (-0.50 to 0.11) 0.64 

CS, % 
Visit 5 2739 -0.11 (-0.29 to 0.07) -0.03 (-0.23 to 0.17) 0.55 

Visit 5 to 7 change 652 0.16 (-0.22 to 0.53) -0.42 (-0.98 to 0.13) 0.09 

LV Diastolic 

Function 

  
   

E wave, cm/s 
Visit 5 3439 0.91 (0.18 to 1.64) 0.34 (-0.44 to 1.12) 0.30 

Visit 5 to 7 change 956 0.95 (-0.82 to 2.72) 0.01 (-1.24 to 1.26) 0.39 

Septal e’, cm/s 
Visit 5 3435 -0.02 (-0.08 to 0.04) -0.07 (-0.14 to -0.01) 0.23 

Visit 5 to 7 change 953 -0.03 (-0.14 to 0.08) 0.01 (-0.15 to 0.16) 0.69 

E/e’ ratio 
Visit 5 3435 0.24 (0.08 to 0.40) 0.25 (0.07 to 0.42) 0.93 

Visit 5 to 7 change 953 0.03 (-0.28 to 0.34) 0.34 (-0.10 to 0.77) 0.27 

LAVI, mL/m2 
Visit 5 3414 0.39 (0.06 to 0.72) 0.03 (-0.32 to 0.37) 0.13 

Visit 5 to 7 change 933 0.05 (-0.49 to 0.59) -0.17 (-0.93 to 0.59) 0.65 

PASP, mm Hg 
Visit 5 1947 0.32 (0.04 to 0.61) 0.06 (-0.30 to 0.41) 0.24 

Visit 5 to 7 change 835 -0.12 (-0.68 to 0.45) -0.57 (-1.41 to 0.27) 0.38 

CI = confidence interval; CS = circumferential strain; EDVI = end diastolic volume index; EF = ejection 
fraction; LV = left ventricular; LS = longitudinal strain; LAVI = left atrial volume index; LVMI = left ventricular 
mass index; MWT = mean wall thickness; PASP = pulmonary artery systolic pressure; SD = standard deviation; 
RWT = relative wall thickness. 

* The model for outcomes measured at Visit 5 included age, gender and the interaction of race and field center, 
smoking status, body mass index, diabetes mellitus, hypertension, atrial fibrillation, coronary heart disease, 
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eGFR, log10-transformed C-reactive protein, Visit 5 systolic blood pressure and heart rate. The model for 
changes in outcomes from Visit 5 to Visit 7 additionally included Visit 7 systolic blood pressure, Visit 7 heart 
rate, the baseline residual of the Visit 5 outcome value and excluded participants with interval HF between Visit 
5 and Visit 7. Effect modification was tested using a multiplicative interaction term. 
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Supplemental Table 8. Sensitivity analyses of the associations of plasma hepcidin levels with measures of cardiac structure and function 

  Visit 5 Sensitivity Analyses Visit 5 to Visit 7 Change Sensitivity Analyses 

Outcome Visit 

Additional 

Confounders*# 
 

Ferritin-

Adjusted@ 
 

No Baseline 

Adjustment^ 
 IPAW&  

Including 

Interval HF% 
 

Beta (95% CI) P Beta (95% CI) P Beta (95% CI) P Beta (95% CI) P Beta (95% CI) P 

LV structure             

EDVI, mL/m2 

Visit 5 
0.18  

(-0.10 to 0.47) 
0.20 

0.04 

 (-0.43 to 0.51) 
0.87 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

0.07  

(-0.24 to 0.39) 
0.65 

-0.33  

(-0.86 to 0.21) 
0.23 

0.01 

 (-0.32 to 0.35) 
0.94 

0.08  

(-0.25 to 0.40) 
0.65 

0.10  

(-0.22 to 0.42) 
0.54 

MWT, cm 

Visit 5 
0.003  

(-0.000 to 0.007) 
0.077 

0.004  

(-0.002 to 0.011) 
0.15 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

-0.001  

(-0.005 to 0.004) 
0.76 

0.001  

(-0.007 to 0.009) 
0.75 

-0.000  

(-0.005 to 0.005) 
0.92 

0.000  

(-0.005 to 0.005) 
0.94 

0.000  

(-0.004 to 0.005) 
0.98 

RWT 

Visit 5 
0.001  

(-0.001 to 0.003) 
0.37 

0.001  

(-0.003 to 0.004) 
0.70 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

-0.002  

(-0.005 to 0.002) 
0.29 

-0.001  

(-0.007 to 0.005) 
0.77 

-0.001  

(-0.005 to 0.002) 
0.51 

-0.001  

(-0.005 to 0.002) 
0.43 

-0.001  

(-0.004 to 0.002) 
0.53 

LVMI, g/m2 

Visit 5 
0.26  

(-0.29 to 0.81) 
0.36 

0.33  

(-0.59 to 1.25) 
0.48 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

0.32  

(-0.28 to 0.92) 
0.29 

0.67  

(-0.39 to 1.68) 
0.22 

0.30  

(-0.33 to 0.92) 
0.36 

0.428  

(-0.26 to 1.11) 
0.22 

0.319  

(-0.28 to 0.92) 
0.30 
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LV Systolic 

Function 
           

EF, % 

Visit 5 
0.03  

(-0.16 to 0.21) 
0.79 

0.01  

(-0.30 to 0.32) 
0.94 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

0.05  

(-0.20 to 0.29) 
0.71 

-0.14  

(-0.56 to 0.28) 
0.51 

0.02  

(-0.25 to 0.28) 
0.90 

0.04  

(-0.18 to 0.27) 
0.70 

0.09  

(-0.16 to 0.33) 
0.50 

LS, % 

Visit 5 
-0.01  

(-0.09 to 0.06) 
0.78 

-0.05  

(-0.18 to 0.07) 
0.40 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

-0.02  

(-0.12 to 0.08) 
0.70 

-0.01  

(-0.18 to 0.17) 
0.94 

-0.04  

(-0.16 to 0.08) 
0.54 

-0.02  

(-0.14 to 0.09) 
0.70 

-0.05  

(-0.15 to 0.05) 
0.35 

CS, % 

Visit 5 
-0.07  

(-0.20 to 0.06) 
0.28 

-0.05  

(-0.27 to 0.17) 
0.63 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

-0.031  

(-0.206 to 0.144) 
0.73 

-0.16  

(-0.45 to 0.14) 
0.30 

0.004  

(-0.208 to 0.216) 
0.97 

-0.038  

(-0.204 to 0.129) 
0.66 

-0.019  

(-0.193 to 0.155) 
0.83 

LV Diastolic 

Function 
           

E wave, cm/s 

Visit 5 
0.43  

(-0.10 to 0.96) 
0.11 

0.05  

(-0.84 to 0.94) 
0.91 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

-0.39  

(-1.11 to 0.33) 
0.28 

-1.94  

(-3.17 to -0.70) 
0.002 

-0.24  

(-1.0 to 0.49) 
0.53 

-0.25  

(-0.94 to 0.45) 
0.49 

0.04  

(-0.67 to 0.75) 
0.92 

Septal e’, cm/s 

Visit 5 
-0.04  

(-0.09 to 0.00) 
0.068 

-0.003  

(-0.077 to 0.071) 
0.94 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

0.007  

(-0.048 to 0.062) 
0.80 

-0.09  

(-0.18 to 0.00) 
0.060 

-0.006  

(-0.070 to 0.058) 
0.84 

0.001 

 (-0.051 to 

0.052) 

0.98 
0.012  

(-0.041 to 0.066) 
0.65 
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CI = confidence interval; CS = circumferential strain; EDVI = end diastolic volume index; EF = ejection fraction; LV = left ventricular; LS = longitudinal strain; LAVI = left 
atrial volume index; LVMI = left ventricular mass index; MWT = mean wall thickness; PASP = pulmonary artery systolic pressure; SD = standard deviation; RWT = relative 
wall thickness. 

* The main model for outcomes measured at Visit 5 included age, gender and the interaction of race and field center, smoking status, body mass index, diabetes mellitus, 
hypertension, atrial fibrillation, coronary heart disease, eGFR, log10-transformed C-reactive protein, Visit 5 systolic blood pressure and heart rate. The main model for changes 
in outcomes from Visit 5 to Visit 7 additionally included Visit 7 systolic blood pressure, Visit 7 heart rate, the baseline residual of the Visit 5 outcome value and excluded 
participants with interval HF between Visit 5 and Visit 7.  

# The model with additional potential confounders included prior stroke, LDL cholesterol, Visit 4 alanine aminotransferase, Visit 4 aspartate aminotransferase level, current 
cancer diagnosis, alcohol use history, aspirin use, oral anticoagulant use and iron deficiency or anemia treatment use.  

@ The ferritin-adjusted model included the base model covariates and log2-hepcidin levels. 

^ The model with no baseline adjustment excluded the baseline residual adjustment.  

& The IPAW model used inverse probability weighting to address non-random, non-attendance bias.  

% The model including interval HF included participants who experienced an incident heart failure event between Visit 5 and Visit 7 (who were excluded from the main model). 

E/e’ ratio 

Visit 5 
0.18  

(0.06 to 0.30) 
0.003 

-0.02  

(-0.22 to 0.18) 
0.83 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

-0.06  

(-0.24 to 0.12) 
0.53 

-0.13  

(-0.44 to 0.19) 
0.43 

-0.01  

(-0.19 to 0.17) 
0.89 

-0.01  

(-0.19 to 0.17) 
0.88 

0.02  

(-0.16 to 0.20) 
0.85 

LAVI, mL/m2 

Visit 5 
0.35  

(0.12 to 0.59) 
0.003 

0.47  

(0.07 to 0.86) 
0.020 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

-0.03  

(-0.33 to 0.26) 
0.83 

-0.25  

(-0.76 to 0.25) 
0.33 

-0.01  

(-0.31 to 0.28) 
0.94 

-0.03  

(-0.32 to 0.26) 
0.83 

0.08  

(-0.21 to 0.37) 
0.58 

PASP, mmHg 

Visit 5 
0.23  

(0.01 to 0.45) 
0.038 

0.23  

(-0.13 to 0.59) 
0.21 -- -- -- -- -- -- 

Visit 5 to 

7 Change 

-0.35  

(-0.81 to 0.12) 
0.15 

-0.55  

(-1.32 to 0.23) 
0.17 

-0.30 (-0.77 to 

0.16) 
0.20 

-0.49  

(-1.0 to -0.00) 

0.04

8 

-0.31  

(-0.76 to 0.15) 
0.19 
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Supplemental Table 9. Effect modification of the association between plasma hepcidin levels 

and measures of cardiac structure and function between men and women 

Outcome Visit N Beta (95% CI) per 50% Lower Hepcidin Level* 

   Women Men P-Int. 

LV structure       

EDVI, mL/m2 
Visit 5 3358 -0.02 (-0.39 to 0.34) 0.48 (0.07 to 0.88) 0.069 

Visit 5 to 7 change 922 0.13 (-0.39 to 0.64) -0.60 (-1.32 to 0.13) 0.11 

MWT, cm 
Visit 5 3425 0.00 (0.00 to 0.01) 0.00 (0.00 to 0.01) 0.94 

Visit 5 to 7 change 954 0.00 (-0.01 to 0.01) 0.00 (-0.01 to 0.01) 0.67 

RWT 
Visit 5 3418 0.00 (0.00 to 0.00) 0.00 (0.00 to 0.00) 0.94 

Visit 5 to 7 change  941 0.00 (-0.01 to 0.00) 0.00 (-0.01 to 0.01) 0.26 

LVMI, g/m2 
Visit 5 3418 0.31 (-0.40 to 1.02) 0.29 (-0.49 to 1.08) 0.98 

Visit 5 to 7 change 937 0.49 (-0.52 to 1.49) -0.03 (-1.44 to 1.38) 0.56 

LV systolic 

function  

  
   

EF, % 
Visit 5 3357 0.04 (-0.20 to 0.28) 0.05 (-0.22 to 0.31) 0.99 

Visit 5 to 7 change 925 -0.25 (0.69 to 0.19) -0.12 (-0.73 to 0.49) 0.77 

LS, %  
Visit 5 3331 -0.06 (-0.15 to 0.04) 0.02 (-0.09 to 0.13) 0.30 

Visit 5 to 7 change 913 -0.10 (-0.30 to 0.10) -0.13 (-0.43 to 0.16) 0.86 

CS, % 
Visit 5 2739 -0.09 (-0.26 to 0.07) -0.05 (-0.24 to 0.14) 0.74 

Visit 5 to 7 change 652 -0.01 (-0.36 to 0.35) -0.09 (-0.61 to 0.43) 0.79 

LV Diastolic 

Function 

  
   

E wave, cm/s 
Visit 5 3439 0.46 (-0.22 to 1.15) 0.59 (-0.16 to 1.35) 0.80 

Visit 5 to 7 change 956 -0.12 (-1.32 to 1.08) 0.10 (-1.60 to 1.80) 0.84 

Septal e’, cm/s 
Visit 5 3435 -0.03 (-0.09 to 0.03) -0.04 (-0.11 to -0.02) 0.77 

Visit 5 to 7 change 953 -0.04 (-0.15 to 0.06) -0.11 (-0.26 to 0.04) 0.48 

E/e’ ratio 
Visit 5 3435 0.15 (-0.01 to 0.30) 0.23 (0.06 to 0.39) 0.48 

Visit 5 to 7 change 953 0.08 (-0.22 to 0.37) 0.31 (-0.11 to 0.73) 0.37 

LAVI, mL/m2 
Visit 5 3414 0.49 (0.18 to 0.80) 0.13 (-0.21 to 0.47) 0.12 

Visit 5 to 7 change 933 0.06 (-0.45 to 0.58) -0.30 (-1.02 to 0.42) 0.42  

PASP, mm Hg 
Visit 5 1947 0.36 (0.10 to 0.62) 0.06 (-0.27 to 0.40) 0.17 

Visit 5 to 7 change 835 -0.34 (-0.88 to 0.20) -0.48 (-1.28 to 0.31) 0.77 

CI = confidence interval; CS = circumferential strain; EDVI = end diastolic volume index; EF = ejection fraction; 
LV = left ventricular; LS = longitudinal strain; LAVI = left atrial volume index; LVMI = left ventricular mass index; 
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MWT = mean wall thickness; PASP = pulmonary artery systolic pressure; SD = standard deviation; RWT = relative 
wall thickness. 

* The model for outcomes measured at Visit 5 included age, gender and the interaction of race and field center, 
smoking status, body mass index, diabetes mellitus, hypertension, atrial fibrillation, coronary heart disease, eGFR, 
log10-transformed C-reactive protein, Visit 5 systolic blood pressure and heart rate. The model for changes in 
outcomes from Visit 5 to Visit 7 additionally included Visit 7 systolic blood pressure, Visit 7 heart rate, the baseline 
residual of the Visit 5 outcome value and excluded participants with interval HF between Visit 5 and Visit 7. Effect 
modification was tested using a multiplicative interaction term. 
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Summary of Conclusions  

The aim of this work was to investigate the potential contribution of iron deficiency to 

cardiac dysfunction and incident heart failure in late life. Understanding this relationship in older 

adults at risk of heart failure may have important implications given the high prevalence of iron 

deficiency in late life, the availability of several therapeutics for iron repletion, and the role of 

hepcidin in regulating the response to oral iron repletion.  

In Study 1, we evaluated the association of lower ferritin and hepcidin levels with 

incident heart failure. We detected an association of lower levels of ferritin and hepcidin with 

higher risks of incident heart failure overall and incident heart failure with preserved ejection 

fraction, but not heart failure with reduced ejection fraction.  

In Study 2, we observed cross-sectional associations of lower ferritin and hepcidin levels 

with measures of LV diastolic dysfunction and higher LV filling pressure. The associations were 

consistent across gender categories and independent of several potential confounders. The results 

highlight the potential contributions of iron deficiency to cardiac dysfunction independent of 

concomitant anemia. The results of the two studies build up and show that lower iron stores were 

not only associated with the intermediate phenotype of cardiac dysfunction but also with the 

clinical outcome of incident HF. 

The findings in Study 1 and Study 2 should be considered in the context of their 

limitations, including the observational, retrospective study design, use of research-only ferritin 

and hepcidin assays and lack of transferrin saturation measurements. 

Overall, these studies suggest that incident heart failure should be considered one of the 

potential complications of iron deficiency and indicate a need for research to determine the 

effects of iron repletion on cardiac structure and function and the risk of incident heart failure. 
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 Discussion and Perspectives 

Iron deficiency is treatable health condition that contributes to considerable morbidity 

and mortality in older adults.(16,17) In these two observational studies of older adults without a 

history of HF or prevalent anemia, lower plasma ferritin and plasma hepcidin levels associated 

with a higher risk of incident heart failure and heart failure with preserved ejection fraction and 

LV diastolic dysfunction. These results suggest that iron deficiency increases the risk of incident 

heart failure with preserved ejection fraction by promoting left ventricular diastolic dysfunction. 

We excluded participants with prevalent anemia to isolate the association of iron 

deficiency itself with cardiac structure and function and incident heart failure. Our results 

therefore suggest that iron deficiency is associated with cardiac dysfunction and incident heart 

failure independent of oxygen transport. Further research is needed to determine the exact 

mechanisms underlying the associations between lower iron stores and higher risks of cardiac 

dysfunction and incident heart failure.  

We controlled for several potential confounders, such as CRP levels, eGFR, and potential 

etiologies of iron deficiency, such as aspirin or alcohol use. While we cannot exclude residual 

confounding from unknown confounders, our results are consistent with the possibility that 

lower iron stores associate independently with cardiac dysfunction and incident HF. 

While we observed association between lower iron levels with incident HF overall and 

HFpEF and cross-sectional associations between lower iron levels and cardiac dysfunction 

measures, we did not find associations between iron levels and changes in cardiac dysfunction 

measures. It is possible that subclinical cardiac dysfunction contributes to lower iron stores since 

people with prevalent heart failure have an increased risk of iron deficiency.(18) On the other 

hand, this discrepancy may be attributed to differential loss of sicker people during follow-up 
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who were more likely to have developed new or worsening cardiac dysfunction. Indeed, the 

observed associations of lower iron stores with incident heart failure in Study 1 strongly suggest 

that participants with lower iron stores did experience longitudinal worsening of cardiac function 

that went undetected due to non-random non-attendance at the follow-up echocardiogram visit.  

We did not detect effect modification by gender for the associations between lower iron 

levels and cardiac structure and function and incident HF. In younger populations, iron 

deficiency differentially affects women more than men.(2,17) Our results suggest that iron 

deficiency in late life affects both men and women. 

The results from Study 1 and Study 2 indicate a need for further research in several areas. 

Larger studies of the association between lower iron stores and longitudinal changes in cardiac 

structure and function would test this relationship with greater power. The effects of iron 

repletion on cardiac structure and function and the risk of incident HF in people without 

prevalent HF remain unknown. Iron has multiple roles in cells with high energy requirements 

and the mechanisms of the association between iron deficiency and cardiac structure and 

function and heart failure should be explored further, such as the relative contributions of cardiac 

versus peripheral skeletal muscle.  
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