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4.    Rationale 

An estimated 4.5% to 18% of Americans of all ages and sexes have iron deficiency (without 
anemia), with the highest prevalence among children and women of childbearing age.1,2 The 
prevalence of iron deficiency, however, begins to rise in mid-life, affecting 5% of women 
between the ages of 50-69 years, 7% of women 70 years or older, 2% of men ages 50-69 years 
and 4% of men aged 70 years or older.2 

Iron plays an essential role in oxygen transport, mitochondrial respiration and free radical 
protection in cells with high energy requirements, such as cardiomyocytes.3 Pre-clinical 
research indicates that disordered iron metabolism impairs cardiac function independent of 
anemia.4-7 In patients who have established heart failure, iron deficiency is associated with a 
higher risk of heart failure hospitalization and impaired functional capacity.8 Intravenous iron 
repletion can reduce the risk of heart failure hospitalization and improve functional capacity in 
patients with heart failure with reduced or mid-range ejection fraction.9-12 

Disordered iron metabolism also may contribute to an increased risk of incident heart failure. In 
a nested cohort of 1063 ARIC Visit 1 participants who were free from prevalent heart failure, 
both low (<30 ng/mL) and high (>200 ng/mL in women and >300 ng/mL in men) ferritin 
concentrations associated with an increased risk of incident heart failure compared to normal 
levels.13 In the community-based PREVEND cohort, higher ferritin and hepcidin levels associated 
with an increased risk of incident heart failure in women, but not men.14 

Important questions about the contributions of disordered iron metabolism to the 
development of incident heart failure remain unanswered. The only available data on the 
association of iron metabolism biomarkers with incident heart failure with reduced and 
preserved ejection fraction comes from the aforementioned PREVEND study, which analyzed 
only 79 incident heart failure cases with available ejection fraction within the female subgroup 
and none within the male subgroup.14 Limited data exist regarding the associations of iron 
metabolism biomarkers with cardiac structure and function from large, observational cohorts. 
Although serum ferritin and transferrin saturation are widely used for the diagnosis of iron 
deficiency or iron overload, alternative biomarkers have stronger correlations with bone 
marrow iron stores, the gold-standard measurement.15-17 Among such biomarkers, the 
SomaScan Platform captures hepcidin, which regulates expression of ferroportin, a 
transmembrane protein responsible for intestinal iron absorption and extracellular iron release, 
and the transferrin receptors-1 and -2 (TfR), which facilitate intracellular iron uptake. Evaluating 
the associations between these biomarkers of iron metabolism and heart failure and cardiac 
structure and function may provide insight into the pathophysiology of iron-related cardiac 



dysfunction, potential therapeutic targets and candidate biomarkers for diagnostic and 
therapeutic monitoring.  

We propose to estimate the association between circulating iron biomarkers and incident heart 
failure and cardiac structure and function in community-dwelling adults. Based upon the 
differential prevalence and mechanisms of iron deficiency in mid-life and late-life, we will 
assess associations with incident heart failure at ARIC Visit 2 and Visit 5. We will also assess 
effect modification by birth sex and anemia status. 

5.   Specific Aims:  

Specific Aim 1: Determine the relationship between plasma ferritin, hepcidin and soluble 
transferrin receptors levels and incident heart failure in mid- and late-life. We hypothesize that 
lower ferritin levels, higher hepcidin levels and higher soluble transferrin receptor levels 
associate with an increased risk of incident heart failure. 

Specific Aim 2: Determine the relationship between plasma ferritin, hepcidin and soluble 
transferrin receptors levels and cardiac structure and function. We hypothesize that lower 
ferritin levels, higher hepcidin levels and higher soluble transferrin receptor levels associate 
with impaired systolic and diastolic function in late-life. 

 
6.     Design and analysis (study design, inclusion/exclusion, outcome and other variables of 
interest with specific reference to the time of their collection, summary of data analysis, and 
any anticipated methodologic limitations or challenges if present). 

 
Aim 1 

 
● Population:  

o For analysis of post-Visit 2 HF, we will include all participants who were free 
from HF through Visit 2 and had the required iron biomarkers measurements at 
Visit 2 

o For analysis of post-Visit 5 HF, we will include all participants who were free 
from HF through Visit 5 and had the iron biomarker measurements at Visit 5.  

● Exposures:  
o Plasma measurements of ferritin (FTH1|FTL, UniProt P02794|P02792), hepcidin 

(HAMP, UniProt P81172), transferrin receptor 1 (TFRC, UniProt P02786), 
transferrin receptor 2 (TFR2, UniProt Q9UP52) and transferrin (TF, UniProt 
P02787) measured using the SomaLogic platform 

o The ratio of ferritin to transferrin, as a surrogate of transferrin saturation 
● Outcomes:  

o Incident heart failure post-Visit 2 (truncating follow-up at 15-years to avoid 
overlap with Visit 5) 

o Incident heart failure post-Visit 5 



o Incident HFrEF (<50%) and HFpEF (≥50%) post-Visit 5 
o Incident heart failure or all-cause death after Visit 2 and Visit 5 

● Covariates:  
o Model 1 will adjust for age, sex, and the interaction between race and field center 
o Model 2 will adjust for Model 1 covariates plus diabetes mellitus, hypertension, 

smoking, BMI, eGFR, coronary artery disease and atrial fibrillation 
● Analysis:  

o Exposures will be log2-transformed and centered with a mean of 0 and standard 
deviation of 1 prior to analysis. We will use Cox proportional hazards regression 
models to estimate the association of each exposure to the specified incident heart 
failure outcomes. We will use restricted cubic splines to assess for non-linear 
associations. For analysis of incident HFpEF, we will censor patients at the time 
of incident HFrEF or HF with unknown LVEF. For analysis of incident HFrEF, 
we will censor patients at the time of incident HFpEF or HF with unknown LVEF 

o We will assess effect modification by birth sex and anemia status (defined as Hgb 
< 13 g/dL for men and 12 g/dL for women) 

 
Aim 2: 

● Population:  
o For cross-sectional associations with echocardiographic measures at Visit 5, we 

will include participants free of HF through Visit 5 with available 
echocardiography measures at Visit 5 and iron biomarkers measurements at Visit 
5 

o For association with change in echocardiographic measures from Visit 5 to Visit 
7, we will include participants also undergoing echocardiography at Visit 7.  

● Exposures: 
o Same as for Aim 1 above.  

● Outcomes:  
o Echocardiographic measures of cardiac structure and function (1) at Visit 5 
o Changes in those same echocardiographic measures from Visits 5 to 7.  
o Primary measures of interest will be those reflecting LV structure (left ventricular 

wall thickness, dimensions, mass, RWT), LV diastolic function (E wave, e’, E/e’, 
LA diameter, LA volume index), left ventricular systolic function (LVEF, 
longitudinal strain, circumferential strain), PASP, RV measures (area, fractional 
area change, tricuspid annular s’) 

● Covariates:  
o Model 1 and Model 2 covariates will be similar to those previously specified for 

Aim 1 above. In addition, we will adjust all models for systolic blood pressure 
and heart rate at Visit 5. For Models with change in echocardiographic measures 
of cardiac structure and function as an outcome, we will also adjust for systolic 
blood pressure and heart rate at Visit 7.  

● Analysis: 
o Multivariable linear regression models will be used to assess for linear 

associations between the exposures and outcomes of interest. Restricted cubic 
splines will be used to consider non-linear associations. 



o We will assess effect modification by birth sex and anemia status (defined as Hgb 
< 13 g/dL for men and 12 g/dL for women) 

 
Detailed Statistical Analysis Plan:  

Continuous variables will be summarized using means and standard deviations, medians and 
(25th and 75th percentiles), and categorical data as numbers and percentages. 

We will estimate the association of iron biomarker levels to incident heart failure using Cox 
proportional hazards regression models as described above in Aim 1. We will estimate 
associations between iron biomarker levels and echocardiographic measures using linear 
regression as described above in Aim 2.  

We will perform sensitivity analyses using inverse probability of attrition weights to account for 
non-random Visit 7 attendance. For Visit 2 and 5, we assess effect modification by birth sex and 
anemia status 

There are certain limitations to this analysis: 

1. The number of classifiable HFpEF and HFrEF events will be reduced due to missing 
LVEF data from time of incident heart failure hospitalization. We will conduct 
sensitivity analysis by imputing all incident HF cases with missing LVEF as either 
HFpEF or HFrEF and re-evaluating our models.  

2. Under-reporting of HFpEF cases or misclassification of other conditions as HFpEF is 
possible since diagnosing this condition is challenging. It is unlikely that the number of 
misclassified cases will affect our estimates since independent committee has 
adjudicated all events according to standardized definitions. However, underreporting of 
HFpEF cases may still bias estimates towards the null.  

3. Survivor bias and attendance bias resulting from non-random non-attendance at Visit 7 
may bias the findings of our echocardiographic analyses towards the null and 
underestimate any true associations. We will adjust for non-random non-attendance at 
Visit 7 using inverse probability of attrition weights as described above.  

4. Serum iron and total iron binding capacity were not measured in ARIC 
5. Absolute quantification of protein biomarkers is not available. The Appendix provides 

comparisons of Somalogic with Olink data and availability of cis-pQTL. 
 
Appendix: cis-pQTL and Olink comparisons with Somalogic  

Protein cis-pQTL Olink Comparison 
Ferritin Yes (Ferkingstad, 2021 

Nature Genetics) 
Not measured 

Hepcidin Yes (Ferkingstad, 2021 
Nature Genetics) 

Not measured 

Transferrin 
receptor 1 

Yes (Ferkingstad, 2021 
Nature Genetics) 

Not measured 

Transferrin 
receptor 2 

No (trans only) Not measured 



Transferrin Yes (Ferkingstad, 2021 
Nature Genetics) 

SeqId_8795_48: r = 0.72 (0.68-0.77); P<.001; 
SeqId_6895_1: r = 0.43 (0.35-0.50); P<.001 
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