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Aims Low cardiac iron levels promote heart failure in experimental models. While cardiac iron concentration (CI) is
decreased in patients with advanced heart failure with reduced ejection fraction (HFrEF), CI has never been measured
in non-advanced HFrEF. We measured CI in left ventricular (LV) endomyocardial biopsies (EMB) from patients with
non-advanced HFrEF and explored CI association with systemic iron status and disease severity.
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Methods
and results

We enrolled 80 consecutive patients with non-ischaemic HFrEF with New York Heart Association class II or III
symptoms and a median (interquartile range) LV ejection fraction of 25 (18–33)%. CI was 304 (262–373) μg/g dry
tissue. CI was not related to immunohistological findings or the presence of cardiotropic viral genomes in EMBs and
was not related to biomarkers of systemic iron status or anaemia. Patients with CI in the lowest quartile (CIQ1) had
lower body mass indices and more often presented with heart failure histories longer than 6 months than patients
in the upper three quartiles (CIQ2–4). CIQ1 patients had higher serum N-terminal pro-B-type natriuretic peptide
levels than CIQ2–4 patients [3566 (1513–6412) vs. 1542 (526–2811) ng/L; P = 0.005]. CIQ1 patients also had greater
LV end-diastolic (P = 0.001) and end-systolic diameter indices (P = 0.003) and higher LV end-diastolic pressures
(P = 0.046) than CIQ2–4 patients.
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Conclusion Low CI is associated with greater disease severity in patients with non-advanced non-ischaemic HFrEF. CI is unrelated
to systemic iron homeostasis. The prognostic and therapeutic implications of CI measurements in EMBs should be
further explored.
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Introduction
Systemic iron deficiency (ID) is a frequent comorbidity in heart
failure (HF).1,2 Based on serum markers of depleted body iron
stores, reduced systemic iron availability, and unmet cellular iron
requirements, ∼50% of patients with HF with reduced ejection
fraction (HFrEF) are iron-deficient.3–7 Systemic ID is associated
with reduced exercise tolerance, increased symptom severity,
and higher mortality rates independent of coexisting anaemia.4–11

Iron supplementation using intravenous ferric carboxymaltose has
been shown to improve exercise capacity and symptoms and to
reduce the number of HF hospitalisations in iron-deficient patients
with HFrEF.12–14 Current European Society of Cardiology (ESC)
guidelines therefore recommend assessing systemic iron status in
patients with symptomatic HFrEF.15

Iron is an essential cofactor in haem and iron–sulphur
cluster-containing proteins required for oxygen transport
(haemoglobin) and storage (myoglobin) as well as cellular
energy metabolism (e.g. components of the mitochondrial
electron transport chain).16 Using gene-targeted mice with
cardiomyocyte-selective ID, we have recently observed that a
∼30% decrease in cardiac iron content impairs cardiac contractile
reserve and promotes adverse left ventricular (LV) remodelling
after myocardial infarction.17 Transgenic mice engineered to
develop even more pronounced reductions in cardiac iron spon-
taneously develop HF and die prematurely.18,19 Collectively, these
studies indicate that a low cardiac iron content promotes HF
independent of systemic iron status.

Cardiac iron concentration (CI) is 15–32% lower in patients
with advanced HF undergoing heart transplantation compared to
non-transplanted donor hearts.17,20–22 Notably, CI has never been
measured in non-advanced HF, and it is not known if CI is related
to systemic iron status in these patients. We therefore measured
CI in LV endomyocardial biopsies (EMBs) from patients with
non-advanced non-ischaemic HFrEF and explored CI relationship
to systemic iron status and disease severity.

Methods
Study population
We studied 80 consecutive patients older than 18 years with New York
Heart Association (NYHA) class II or III symptoms and LV ejection
fraction (LVEF) ≤40% referred to the Department of Cardiology
and Angiology at Hannover Medical School between May 2017 and
June 2018 for diagnostic work-up of HFrEF with unknown aetiology.
According to the updated Heart Failure Association-ESC criteria for
defining advanced HF,23 all patients had non-advanced HF. All patients
underwent transthoracic echocardiography and coronary angiography.

One day before coronary angiography, patients were informed
about the study, which included performing an LV EMB in case coro-
nary artery disease was excluded (no ≥50% diameter stenosis in a
major coronary artery). Biopsies were not strictly indicated in some
patients,24,25 and we discussed this beforehand with the Ethics Com-
mittee of Hannover Medical School in light of previous studies indicat-
ing the safety of the procedure.26–28 We obtained ethical approval (no.
7408–2017), and all patients provided written informed consent. LV
EMBs were not associated with any complications in our patients. ..
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.. We excluded patients with advanced HF, moderate to severe aortic
stenosis, uncontrolled arterial hypertension, acute or chronic infec-
tions, advanced liver disease, end-stage chronic kidney disease, or
malignant disease. We also excluded patients who had received oral
iron (>100 mg/day), intravenous iron, or erythropoiesis-stimulating
agents during the previous 6 weeks. Using these exclusion criteria, we
ended up including one patient who had received 40 mg oral iron daily
within the last 6 weeks. No patient recollected ever having received
intravenous iron or erythropoiesis-stimulating agents. Further, patients
with non-HF-related anaemia (e.g. due to haemoglobinopathies),
patients with active bleeding or in need of blood transfusions, and
patients with known iron overload were also excluded. A flowchart
is presented in online supplementary Figure S1.

Echocardiography
We performed two-dimensional (2D) transthoracic echocardiography
in the left lateral decubitus position with a Philips EPIQ 7 Cardiology
Ultrasound Machine equipped with X5-1 xMATRIX array transducer.
LV internal cavity diameters were directly measured in 2D from the
parasternal long-axis view perpendicular to the LV long axis at the level
of the mitral valve leaflet tips at end-systole and end-diastole.29 Volume
measurements were based on tracings of the blood tissue interface in
the apical four- and two-chamber views. LV mass was calculated based
on measurements of LV internal cavity diameter and wall thicknesses of
the interventricular septum and the inferolateral wall at end-diastole,
using the cube formula.29 All parameters were indexed for body surface
area. LVEF was calculated by the biplane method of disks (modified
Simpson’s rule). All images were digitally stored for subsequent analysis.

Endomyocardial biopsy and blood
sampling
Patients received a 5000 IU bolus of unfractionated heparin. LV
end-diastolic pressure and maximum rate of pressure change in the
left ventricle (LV dP/dtmax) were measured with a 5 Fr pigtail catheter.
No patient was decompensated at the time of LV EMB. After LV
angiography, a 7 Fr long sheath (Cordis) was introduced into the LV
cavity. The sheath tip was positioned towards the LV lateral wall.
A 5.5 Fr biopsy forceps (Cordis) was introduced under fluoroscopic
guidance. The bioptome jaws were opened within the LV cavity
before wall contact. We took at least 6 (range 6–11) biopsies.
Five biopsies were sent to the Institute for Cardiac Diagnostics and
Therapy (IKDT, Berlin) for immunohistological and virological analyses.
A median of four biopsies (range 1–6) were rinsed in ice-cold isotonic
saline, transferred to plastic tubes (CryoPure Tube, Sarstedt), and
stored in liquid nitrogen for later CI measurement. To avoid iron
contamination, the tubes had previously been cleansed with 2.5% nitric
acid and ultrapure water in an ultrasonic bath. Venous serum and
EDTA-treated plasma samples were collected in the morning and either
immediately analysed or stored at −80∘C for later hepcidin and growth
differentiation factor 15 (GDF-15) measurements.

Laboratory measurements
Assays for measuring haemoglobin concentration, serum ferritin,
serum iron, transferrin saturation (TSAT), soluble transferrin receptor
(sTFR), hepcidin, creatinine, C-reactive protein (CRP), interleukin-6

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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(IL-6), cardiac troponin T, GDF-15, and N-terminal pro-B-type natri-
uretic peptide (NT-proBNP) are described in online supplemen-
tary Table S1. Following current ESC guidelines,15 diagnosis of sys-
temic ID required a serum ferritin concentration <100 μg/L or a
serum ferritin concentration between 100 and 299 μg/L in combina-
tion with a TSAT <20%. Anaemia was diagnosed using World Health
Organisation haemoglobin thresholds (<13 g/dL in men, <12 g/dL
in women). Estimated glomerular filtration rate (GFR) was calcu-
lated by the Chronic Kidney Disease-Epidemiology Collaboration
equation.30 CI in EMBs was measured by inductively-coupled plasma
optical emission spectroscopy (ICP-OES; a detailed description is
provided in online supplementary Methods S1). To enable a com-
parison of our results with previous studies that have measured CI
in advanced HF using inductively-coupled plasma mass spectrometry
(ICP-MS), we established the ICP-MS method as previously described22

and measured iron concentration in five EMBs with ICP-OES and
ICP-MS. Iron concentrations determined with both methods were
almost identical [289 (242–406) vs. 291 (246–416) μg/g dry tis-
sue].

Immunohistological and virological
analyses
Cardiomyocyte diameters were determined in haematoxylin- and
eosin-stained sections. For immunohistological evaluation, specimens
were embedded in Tissue-Tek O.C.T. compound (Sakura), snap-frozen
in methylbutane that had been cooled in liquid nitrogen, and stored
at −80∘C until processing. Serial 5 μm cryosections were placed on
10% poly-L-lysine-precoated slides. Type I and type III collagens were
detected with antibodies from Biotrend and Calbiochem, respectively.
Sections were also stained with CD3 (Dako), CD45R0 (Dako), LFA-1
(ImmunoTools), MAC-1 (ImmunoTools), and perforin (BD Biosciences)
antibodies and EnVision peroxidase-conjugated secondary antibodies
(Dako). 3-Amino-9-ethylcarbazole (Merck) was used as chromogenic
substrate. Slides were then counterstained with haematoxylin and
mounted in Aquatex (Merck). Inflammatory cells were quantified at
200-fold magnification by digital image analysis applying colour-coded
thresholds.31 Active myocarditis was defined by the presence of
≥14 leucocytes/mm2, including up to 4 monocytes/mm2 with the pres-
ence of ≥7 CD3+ T-lymphocytes/mm2, which are focally associated
with cardiomyocyte degeneration and necrosis.25 Non-ischaemic car-
diomyopathy with high-grade inflammation was defined by the presence
of ≥14 leucocytes/mm2, including up to 4 monocytes/mm2 with the
presence of ≥7 CD3+ T-lymphocytes/mm2, without cardiomyocyte
degeneration and necrosis. Cardiotropic viral genomes were detected
by nested polymerase chain reaction on RNA (enterovirus); DNA (ade-
novirus, Epstein–Barr virus, human herpesvirus 6); or RNA and DNA
(parvovirus B19).32

Statistical analysis
Categorical variables are reported as numbers and percentages, con-
tinuous variables as median with interquartile range (IQR). Propor-
tions were compared by the chi-square test, continuous variables by
the Mann–Whitney test. We used ANOVA for comparisons among
more than two groups followed by Dunn’s post hoc test for compar-
isons between two groups. Binary logistic regression analyses were
applied to identify factors that were independently associated with
low CI or NT-proBNP. Spearman’s correlation analysis was applied
to assess the relationship between two variables. Linear regression ..
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.. analysis was used to identify factors associated with systemic iron
parameters and CI. A two-tailed P-value of <0.05 was considered
to indicate statistical significance. Analyses were performed with
GraphPad Prism 7.04 (GraphPad Software) and SPSS Statistics 25
(IBM).

Results
Patients
The patient population included 53 men and 27 women. Patients
had a median (IQR) age of 61 (51–71) years, a LVEF of 25
(18–33)%, and NT-proBNP concentrations of 1859 (698–3740)
ng/L. Patients presented with NYHA class II (64%) or class III
symptoms (36%). Median HF duration was 2 (1–6) months.

Systemic iron status
Overall, 46% of the patients (37 out of 80) had systemic ID.
Patient characteristics according to systemic iron status are
shown in online supplementary Table S2. Systemic ID was
more frequent in women and patients with HF histories
longer than 6 months. Patients with systemic ID had lower
haemoglobin concentrations and were more often anaemic.
Additionally, patients with systemic ID had lower serum con-
centrations of ferritin and iron, lower TSATs, lower plasma
hepcidin concentrations, and higher serum concentrations of
sTFR and IL-6. Estimated GFR and serum concentrations of
CRP, GDF-15, and NT-proBNP were not significantly differ-
ent between patients with or without systemic ID (online
supplementary Table S2).

Lower serum iron concentration and a higher ferritin concentra-
tion were related to higher serum concentrations of CRP and IL-6.
TSAT was also inversely related to the IL-6 concentration. Higher
sTFR level and a lower haemoglobin concentration were related to
a higher GDF-15 concentration (online supplementary Figure S2).

Cardiac iron concentration
Median CI was 304 (IQR 262–373; range 132–1339) μg/g dry
tissue. CI was similar in patients with or without systemic ID [301

(228–382) vs. 312 (266–367) μg/g; P = 0.44]. A total of 60% of
patients (12 out of 20) in the lowest CI quartile (CIQ1) and 42%
of patients (25 out of 60) in the top three CI quartiles (CIQ2–4)
had systemic ID (P = 0.15). Systemic iron homeostasis parameters
(serum ferritin, serum iron, TSAT, sTFR, hepcidin) and haemoglobin
concentrations were not significantly different between CIQ1 and
CIQ2–4 patients (Table 1) and not associated with CI in linear
regression analyses (online supplementary Figure S3).

CIQ1 patients had lower body mass indices (BMIs) (P< 0.001)
and more often presented with HF histories longer than 6 months
(P = 0.027) than CIQ2–4 patients (Table 1). NYHA class, esti-
mated GFR and serum concentrations of CRP, IL-6, and GDF-15
were not significantly different between CIQ1 and CIQ2–4 patients
(Table 1). A multivariate analysis established low BMI and HF
duration longer than 6 months as independent predictors of low

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Cardiac iron in non-ischaemic heart failure 2041

Table 1 Patient characteristics according to cardiac iron concentration

All patients
(n = 80)

Cardiac iron Q1

(n = 20)
Cardiac iron Q2–4

(n = 60)
P-value

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Age (years) 61 (51–71) 64 (49–70) 61 (51–72) 0.88
Female sex 27 (34) 8 (40) 19 (32) 0.49
BMI (kg/m2) 28.4 (24.1–31.8) 23.3 (21.4–27.6) 30.1 (25.0–33.5) <0.001

HF history >6 months 21 (26) 9 (45) 12 (20) 0.027
Prior HF hospitalisation* 30 (38) 9 (45) 21 (35) 0.42
NYHA class II/III 51 (64)/29 (36) 15 (75)/5 (25) 36 (60)/24 (40) 0.23
Systolic BP (mmHg) 105 (95–125) 101 (87–117) 105 (97–133) 0.13
Hypertension 47 (59) 9 (45) 38 (63) 0.15
Diabetes mellitus 22 (28) 3 (15) 19 (32) 0.15
Treatment

ACEI/ARB/ARNI 65 (81) 15 (75) 50 (83) 0.41

Beta-blocker 58 (73) 13 (65) 45 (75) 0.39
MRA 35 (44) 11 (55) 24 (40) 0.24
Diuretic 52 (65) 16 (80) 36 (60) 0.10
Oral anticoagulation 23 (29) 7 (35) 16 (27) 0.48
Aspirin 22 (28) 4 (20) 18 (30) 0.39
Calcium antagonist 8 (10) 1 (5) 7 (12) 0.39
Device therapy 9 (11) 3 (15) 6 (10) 0.54

Laboratory parameters
Ferritin (μg/L) 154 (79–293) 170 (35–283) 141 (840–328) 0.34
Iron (mg/L) 13.0 (10.0–17.8) 12.0 (8.5–15.8) 13.0 (10.0–18.0) 0.45
TSAT (%) 23.0 (17.0–32.0) 23.0 (16.3–30.8) 23.0 (17.0–32.8) 0.71

sTFR (μg/dL) 3.0 (2.4–4.2) 2.8 (2.5–6.1) 3.1 (2.4–4.2) 0.79
Haemoglobin (g/dL) 13.4 (12.6–14.7) 13.0 (11.6–14.3) 13.6 (12.7–14.7) 0.15
Anaemia 22 (28) 7 (35) 15 (25) 0.39
Hepcidin (ng/mL) 26.9 (8.3–45.3) 17.3 (2.3–40.5) 28.7 (9.2–45.9) 0.09
eGFR (mL/min) 70.5 (56.3–88.0) 69.0 (50.3–87.5) 70.5 (57.3–88.0) 0.62
CRP (mg/L) 3.9 (2.0–11.0) 3.4 (1.8–11.2) 4.0 (2.1–11.0) 0.64
IL-6 (ng/L) 10.0 (4.3–18.8) 9.5 (3.5–18.0) 10.0 (4.3–19.0) 0.54
hs-cTnT (ng/L) 27 (16–43) 32 (16–43) 26 (16–42) 0.73
GDF-15 (ng/L) 1786 (1035–2859) 2303 (1426–3228) 1635 (951–2750) 0.32
NT-proBNP (ng/L) 1859 (698–3740) 3566 (1513–6412) 1542 (526–2811) 0.005

Data are n (%), or median (interquartile range).
ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; ARNI, angiotensin receptor–neprilysin inhibitor; BMI, body mass index; BP, blood pressure;
CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; GDF-15, growth differentiation factor 15; HF, heart failure; hs-cTnT, high-sensitivity cardiac troponin T;
IL-6, interleukin 6; MRA, mineralocorticoid receptor antagonist; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; Q1 , lowest
quartile; Q2–4, upper three quartiles; sTFR, soluble transferrin receptor; TSAT, transferrin saturation.
*No patient was previously hospitalised more than once.

CI (online supplementary Table S3). CI was not significantly dif-
ferent between patients who had or had not previously been
hospitalised with decompensated HF and was not related to
the time interval from decompensation (online supplementary
Table S4).

CIQ1 patients had significantly higher NT-proBNP levels than
CIQ2–4 patients [3566 (1513–6412) vs. 1542 (526–2811) ng/L;
P = 0.005] (Figure 1). In a multivariate analysis that considered age,
sex, BMI, HF symptom duration, and estimated GFR, CIQ1 patients
had a 6.0-fold (95% confidence interval 1.5–24.1) higher risk of
having an NT-proBNP concentration above the median than CIQ2–4

patients (P = 0.011).
When CI quartiles were analysed individually, CIQ1 patients had

a significantly lower BMI than CIQ2–4 patients and significantly ..
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.. higher NT-proBNP levels than CIQ2 and CIQ3 patients (online
supplementary Table S5).

Cardiac iron and endomyocardial biopsy
analysis
Clinically, all patients presented with non-ischaemic HFrEF. EMB
evaluation revealed non-ischaemic cardiomyopathy with no
or low-grade inflammation in 34 patients, non-ischaemic car-
diomyopathy with high-grade inflammation in 42 patients, active
myocarditis in 2 patients, and amyloidosis in another 2 patients.
CI was not related to EMB-based diagnostic subgroups (online
supplementary Table S6). Average cardiomyocyte diameters,
collagen type I and type III area fractions, and accumulation of

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 1 Cardiac iron and N-terminal pro-B-type natriuretic
peptide (NT-proBNP). NT-proBNP in patients with cardiac iron
concentrations in the lowest quartile (Q1) or upper three quar-
tiles (Q2–4). Individual data points, median, and the upper and
lower quartile boundaries are shown.

CD3+, CD45R0+, LFA-1+, or MAC-1+ inflammatory cells were
not significantly different in CIQ1 or CIQ2–4 patients (Table 2).
By linear regression analysis, CI was not associated with CD3+,
CD45R0+, LFA-1+, or MAC-1+ inflammatory cell numbers in the
myocardium, whereas CI was weakly associated with collagen type
III area fraction (online supplementary Figure S4). Genomes of
adenovirus, Epstein–Barr virus, enterovirus, human herpesvirus 6,
and parvovirus B19 were detected at similar frequencies in CIQ1

and CIQ2–4 patients (Table 2).

Iron status and left ventricular
remodelling
Left ventricular end-diastolic and end-systolic diameter indices,
LV volume indices, LVEF, LV end-diastolic pressure, LV dP/dtmax, ..
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. and interventricular septum thickness and LV mass indices were
not significantly different in patients with or without systemic
ID (online supplementary Table S7). Some of these echocardio-
graphic parameters, however, aligned with CI. Specifically, CIQ1

patients had greater LV end-diastolic [31 (29–36) vs. 27 (25–31)
mm/m2; P = 0.001] and end-systolic diameter indices [27 (24–31)
vs. 23 (20–27) mm/m2; P = 0.003] than CIQ2–4 patients (Figure 2).
LV end-diastolic and end-systolic volume indices were not signifi-
cantly greater in CIQ1 than in CIQ2–4 patients; likewise, LVEF was
not significantly different between the two groups [23 (17–28)
vs. 27 (18–34)%; P = 0.15] (online supplementary Table S7). LV
end-diastolic pressure was higher in CIQ1 than in CIQ2–4 patients
[16 (11–21) vs. 11 (6–19) mmHg; P = 0.046] (Figure 2). When
CI quartiles were analysed individually, CIQ1 patients had signifi-
cantly greater LV end-diastolic and end-systolic diameter indices
than CIQ2–4 patients (online supplementary Table S8).

Discussion
This study is the first to measure CI in patients with non-advanced
HF and to use LV EMBs as source material. We present two main
findings: first, patients with low CI have greater disease severity
and, second, CI is not related to systemic iron status.

Although we studied a relatively homogeneous population of
patients presenting with non-ischaemic HFrEF, CI varied widely in
individual patients (range 132–1339 μg/g dry tissue). Lacking estab-
lished normal values, we arbitrarily chose the lower quartile bound-
ary to define patients with low CI. Patients with lower BMIs (still
within the normal weight range in our population) and those with
longer HF histories were more likely to have low CI. CI in patients
with non-advanced HFrEF was approximately twofold higher than
CI previously measured in patients with end-stage HF.21,22 This dif-
ference does not appear to be related to the analytical methods
(ICP-OES or ICP-MS) employed in these studies. While we cannot
fully explain this difference, varied HF duration may have played

Table 2 Immunohistology and viral polymerase chain reaction

All patients
(n = 80)

Cardiac iron Q1

(n = 20)
Cardiac iron Q2–4

(n = 60)
P-value

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Cardiomyocyte diameter (μm) 23 (20–25) 23 (20–25) 23 (20–25) 0.87
Collagen type I area fraction (%) 9.8 (2.7–21.3) 8.8 (4.0–19.8) 10.5 (2.4–21.4) 0.94
Collagen type III area fraction (%) 9.8 (6.2–16.9) 8.4 (4.4–18.1) 10.9 (6.3–16.6) 0.34
CD3+ cells (mm−2) 9.8 (2.0–22.5) 4.3 (0.8–21.2) 10.7 (2.6–22.5) 0.18
CD45R0+ cells (mm−2) 52.5 (33.0–72.5) 38.0 (27.0–67.0) 53.3 (34.7–75.8) 0.10
LFA-1+ cells (mm−2) 16.7 (6.7–33.0) 11.1 (5.3–28.2) 18.2 (8.2–37.1) 0.16
MAC-1+ cells (mm−2) 36.3 (20.4–61.7) 28.3 (17.6–49.6) 40.9 (21.4–68.9) 0.16
Adenovirus detectable 0 0 0 1.0
Epstein–Barr virus detectable 0 0 0 1.0
Enterovirus detectable 0 0 0 1.0
Human herpesvirus 6 detectable 6 (8) 2 (10) 4 (7) 0.64
Parvovirus B19 detectable 51 (64) 14 (70) 37 (62) 0.60

Data are n (%), or median (interquartile range). Collagen type I area fraction (n = 56), collagen type III area fraction (n = 55).
CD, cluster of differentiation; LFA-1, lymphocyte function-associated antigen 1; MAC-1, macrophage-1 antigen; Q1 , lowest quartile; Q2–4, upper three quartiles.

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 2 Cardiac iron and left ventricular remodelling. (A) Left ventricular end-diastolic diameter (LVEDD) index, (B) left ventricular
end-systolic diameter (LVESD) index, and (C) left ventricular end-diastolic pressure (LVEDP) in patients with cardiac iron concentrations
in the lowest quartile (Q1) or upper three quartiles (Q2–4). Individual data points, median, and the upper and lower quartile boundaries are
shown.

a role. Indeed, we found HF duration to be independently associ-
ated with low CI, suggesting that cardiac ID may develop or worsen
during the course of the disease.

We studied patients with non-ischaemic HFrEF some of who
presented with myocardial inflammation as typically observed in
patients clinically diagnosed with dilated cardiomyopathy undergo-
ing EMB evaluation.33,34 Low CI was not related to EMB-based diag-
nostic subgroups, immunohistological findings (fibrosis, cardiomy-
ocyte diameters, inflammation), or the presence of cardiotropic
viral genomes in the biopsies. It is possible that in pathophysio-
logical conditions associated with more pronounced myocardial
inflammation (e.g. active myocarditis; not studied here) or in more
heterogeneous patient populations presenting with low, interme-
diate, or very high levels of cardiac inflammation, CI will be asso-
ciated with cardiac inflammation. Notably, low CI was also not
associated with systemic ID, anaemia, or systemic iron homeosta-
sis biomarkers, indicating that CI cannot be inferred from these
routine blood measurements. These data add to a growing body
of evidence that systemic iron homeostasis and CI are differentially
regulated. We have previously shown in mice with post-infarction
HF that iron-regulatory proteins 1 and 2 cell-autonomously secure
iron availability in cardiomyocytes independent of systemic iron
status.17 Rats with volume overload-induced HF have been shown
to develop cardiac ID although iron absorption and systemic iron
levels are preserved.35 In a study of 33 patients with advanced HF,
serum iron markers did not reflect LV myocardial iron levels, except
for sTFR which tended to display a negative correlation.21

Based on higher serum NT-proBNP levels, LV end-diastolic and
end-systolic diameters, and LV end-diastolic pressure, patients with
low CI had more severe disease than patients with higher CI.
Increased LV diameters did not translate into significantly greater
LV volumes (although, numerically, LV volumes were larger and
LVEF was smaller in patients with low CI). Compared with LV
diameters, which are a highly reproducible measure of LV size, mea-
surements of LV volumes may be less accurate in some patients,
especially when endocardial borders are not well defined and/or if ..
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.. imaging quality is affected by body habitus.29 A previous study in
33 patients found no association between CI and NT-proBNP.36

Another study in 91 patients reported no association between
CI and BNP, LV end-diastolic diameter, or LVEF.22 Both stud-
ies, however, investigated heterogeneous patient populations with
advanced HF, mostly related to ischaemic cardiomyopathy, and with
much higher (NT-pro)BNP levels than in our population.22,36

Our study cannot establish a causal relationship between low
CI and increased disease severity. In other words, it remains to be
investigated if CI is a marker of disease severity and/or a factor
contributing to disease progression in patients with HF. Experi-
mental studies indicate that low CI can directly promote contrac-
tile dysfunction and HF. Indeed, mice with genetically-engineered
cardiomyocyte-specific ID develop HF due to impaired mito-
chondrial respiration and disturbed cardiac energy reserve.17–19

Notably, depleting intracellular iron also impairs mitochondrial
function and contractility in human-induced pluripotent stem
cell-derived cardiomyocytes.37

In the future, patients with low CI and a preserved systemic iron
status may be candidates for iron supplementation therapy. In mice
with genetically-engineered cardiomyocyte-specific ID, intravenous
iron supplementation increases CI even when cellular iron regula-
tion is defective, e.g. by deletion of iron regulatory proteins or the
transferrin receptor in cardiomyocytes.17,19 This, however, remains
to be shown in patients. It will also be interesting to explore if
improvements in symptoms and exercise tolerance by iron supple-
mentation relate to cardiac and/or peripheral iron repletion.38,39

Our study has limitations that merit consideration. First, CI
in LV EMBs reflects iron levels not only in cardiomyocytes but
also in other cellular constituents. In mice genetically engineered
to develop cardiomyocyte-selective ID, a ∼30% reduction in
cardiomyocyte iron resulted in a ∼30% reduction of total LV
myocardial iron, suggesting that cardiac iron is mainly localised
within cardiomyocytes.17 CI was not related to LV myocardial
inflammation, interstitial fibrosis, or cardiomyocyte hypertrophy
in our study, thereby showing that interindividual variations in

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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2044 V.G. Hirsch et al.

Figure 3 Cardiac iron measurements in non-advanced non-ischaemic heart failure with reduced ejection fraction (HFrEF). ICP-OES,
inductively-coupled plasma optical emission spectroscopy; ID, iron deficiency; LV, left ventricular; NT-proBNP, N-terminal pro-B-type natriuretic
peptide; NYHA, New York Heart Association.

CI were not related to differences in tissue composition in our

patients (this may be different in other HF aetiologies, e.g. in

ischaemic cardiomyopathy with more pronounced and variable

intramyocardial scarring). We therefore believe that in our study,

CI primarily reflects iron localised within cardiomyocytes. Sec-

ond, we are unable to define a reference range for CI. For eth-

ical reasons, we could not obtain EMBs from healthy individuals;

non-transplanted donor hearts were not investigated as they differ

from EMBs in tissue composition and pre-analytic handling. Third,

we investigated younger patients with non-ischaemic HFrEF and

a low number of comorbidities. Therefore, our findings need to

be validated in other HF aetiologies and patient cohorts. Fourth,

our cohort includes a few patients with active myocarditis (n = 2)

and amyloidosis (n = 2). After excluding these patients, low CI

remained significantly associated with higher NT-proBNP levels

and larger LV diameter indices (online supplementary Table S9).

In conclusion, patients with non-advanced non-ischaemic HFrEF

and low CI have more severe disease. CI needs to be directly

measured and cannot be predicted based on systemic iron status

(Figure 3). Future studies should explore whether low CI influences ..
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.. outcome in HFrEF and analyse the effects of iron supplementation
therapy in patients with low CI.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Acknowledgement
We thank Ivonne Marquardt for assistance in patient screening and
recruitment.

Funding
This work was supported by the German Research Foundation
[Clinical Research Unit (KFO311) to T.K., J.B., and K.C.W.] and an
unrestricted research grant from Vifor Pharma Ltd. to T.K.
Conflict of interest: T.K. has received an unrestricted research
grant and advisory board and speaker fees from Vifor Pharma Ltd.
J.B. has received consulting and speaker fees from Vifor Pharma
Ltd. All other authors report no relationships relevant to this

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

 18790844, 2020, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ejhf.1781 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [18/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Cardiac iron in non-ischaemic heart failure 2045

paper. Vifor Pharma Ltd. did not have any role in study design and
conduct; data collection, management, analysis, or interpretation;
or manuscript preparation or approval.

References
1. Anand IS, Gupta P. Anemia and iron deficiency in heart failure: current concepts

and emerging therapies. Circulation 2018;138:80–98.
2. McDonagh T, Damy T, Doehner W, Lam CS, Sindone A, van der Meer P,

Cohen-Solal A, Kindermann I, Manito N, Pfister O, Pohjantahti-Maaroos H,
Taylor J, Comin-Colet J. Screening, diagnosis and treatment of iron deficiency
in chronic heart failure: putting the 2016 European Society of Cardiology heart
failure guidelines into clinical practice. Eur J Heart Fail 2018;20:1664–1672.

3. Rocha BM, Cunha GJ, Menezes Falcao LF. The burden of iron deficiency in heart
failure: therapeutic approach. J Am Coll Cardiol 2018;71:782–793.

4. Jankowska EA, Rozentryt P, Witkowska A, Nowak J, Hartmann O, Ponikowska B,
Borodulin-Nadzieja L, von Haehling S, Doehner W, Banasiak W, Polonski L,
Filippatos G, Anker SD, Ponikowski P. Iron deficiency predicts impaired
exercise capacity in patients with systolic chronic heart failure. J Card Fail
2011;17:899–906.

5. Klip IT, Comin-Colet J, Voors AA, Ponikowski P, Enjuanes C, Banasiak W, Lok DJ,
Rosentryt P, Torrens A, Polonski L, van Veldhuisen DJ, van der Meer P, Jankowska
EA. Iron deficiency in chronic heart failure: an international pooled analysis. Am
Heart J 2013;165:575–582.e3.

6. Enjuanes C, Klip IT, Bruguera J, Cladellas M, Ponikowski P, Banasiak W, van
Veldhuisen DJ, van der Meer P, Jankowska EA, Comin-Colet J. Iron deficiency
and health-related quality of life in chronic heart failure: results from a multicenter
European study. Int J Cardiol 2014;174:268–275.

7. von Haehling S, Gremmler U, Krumm M, Mibach F, Schön N, Taggeselle J, Dahm
JB, Angermann CE. Prevalence and clinical impact of iron deficiency and anaemia
among outpatients with chronic heart failure: the PrEP registry. Clin Res Cardiol
2017;106:436–443.

8. Jankowska EA, Rozentryt P, Witkowska A, Nowak J, Hartmann O, Ponikowska B,
Borodulin-Nadzieja L, Banasiak W, Polonski L, Filippatos G, McMurray JJ, Anker
SD, Ponikowski P. Iron deficiency: an ominous sign in patients with systolic
chronic heart failure. Eur Heart J 2010;31:1872–1880.

9. Jankowska EA, Malyszko J, Ardehali H, Koc-Zorawska E, Banasiak W, von
Haehling S, Macdougall IC, Weiss G, McMurray JJ, Anker SD, Gheorghiade M,
Ponikowski P. Iron status in patients with chronic heart failure. Eur Heart J
2013;34:827–834.

10. Jankowska EA, Kasztura M, Sokolski M, Bronisz M, Nawrocka S,
Oleskowska-Florek W, Zymlinski R, Biegus J, Siwolowski P, Banasiak W,
Anker SD, Filippatos G, Cleland JG, Ponikowski P. Iron deficiency defined as
depleted iron stores accompanied by unmet cellular iron requirements identifies
patients at the highest risk of death after an episode of acute heart failure. Eur
Heart J 2014;35:2468–2476.

11. Martens P, Verbrugge FH, Nijst P, Dupont M, Mullens W. Limited contractile
reserve contributes to poor peak exercise capacity in iron-deficient heart failure.
Eur J Heart Fail 2018;20:806–808.

12. Anker SD, Comin Colet J, Filippatos G, Willenheimer R, Dickstein K, Drexler H,
Luscher TF, Bart B, Banasiak W, Niegowska J, Kirwan BA, Mori C, von Eisenhart
Rothe B, Pocock SJ, Poole-Wilson PA, Ponikowski P; FAIR-HF Trial Investigators.
Ferric carboxymaltose in patients with heart failure and iron deficiency. N Engl
J Med 2009;361:2436–2448.

13. Ponikowski P, van Veldhuisen DJ, Comin-Colet J, Ertl G, Komajda M, Mareev V,
McDonagh T, Parkhomenko A, Tavazzi L, Levesque V, Mori C, Roubert B,
Filippatos G, Ruschitzka F, Anker SD; CONFIRM-HF Investigators. Beneficial
effects of long-term intravenous iron therapy with ferric carboxymaltose in
patients with symptomatic heart failure and iron deficiency. Eur Heart J 2015;36:
657–668.

14. van Veldhuisen DJ, Ponikowski P, van der Meer P, Metra M, Böhm M,
Doletsky A, Voors AA, Macdougall IC, Anker SD, Roubert B, Zakin L,
Cohen-Solal A; EFFECT-HF Investigators. Effect of ferric carboxymaltose on
exercise capacity in patients with chronic heart failure and iron deficiency. Cir-
culation 2017;136:1374–1383.

15. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coats AJ, Falk V,
Gonzalez-Juanatey JR, Harjola VP, Jankowska EA, Jessup M, Linde C, Nihoy-
annopoulos P, Parissis JT, Pieske B, Riley JP, Rosano GM, Ruilope LM, Rus-
chitzka F, Rutten FH, van der Meer P. 2016 ESC guidelines for the diagnosis
and treatment of acute and chronic heart failure: The Task Force for the diagno-
sis and treatment of acute and chronic heart failure of the European Society of
Cardiology (ESC). Developed with the special contribution of the Heart Failure
Association (HFA) of the ESC. Eur J Heart Fail 2016;18:891–975. ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. 16. Muckenthaler MU, Rivella S, Hentze MW, Galy B. A red carpet for iron
metabolism. Cell 2017;168:344–361.

17. Haddad S, Wang Y, Galy B, Korf-Klingebiel M, Hirsch V, Baru AM, Rostami F,
Reboll MR, Heineke J, Flögel U, Groos S, Renner A, Toischer K, Zimmer-
mann F, Engeli S, Jordan J, Bauersachs J, Hentze MW, Wollert KC, Kempf T.
Iron-regulatory proteins secure iron availability in cardiomyocytes to prevent
heart failure. Eur Heart J 2017;38:362–372.

18. Lakhal-Littleton S, Wolna M, Chung YJ, Christian HC, Heather LC, Bres-
cia M, Ball V, Diaz R, Santos A, Biggs D, Clarke K, Davies B, Robbins PA. An
essential cell-autonomous role for hepcidin in cardiac iron homeostasis. Elife
2016;5:e19804.

19. Xu W, Barrientos T, Mao L, Rockman HA, Sauve AA, Andrews NC. Lethal
cardiomyopathy in mice lacking transferrin receptor in the heart. Cell Rep
2015;13:533–545.

20. Maeder MT, Khammy O, dos Remedios C, Kaye DM. Myocardial and systemic
iron depletion in heart failure: implications for anemia accompanying heart failure.
J Am Coll Cardiol 2011;58:474–480.

21. Leszek P, Sochanowicz B, Szperl M, Kolsut P, Brzoska K, Piotrowski W, Rywik
TM, Danko B, Polkowska-Motrenko H, Rozanski JM, Kruszewski M. Myocar-
dial iron homeostasis in advanced chronic heart failure patients. Int J Cardiol
2012;159:47–52.

22. Melenovsky V, Petrak J, Mracek T, Benes J, Borlaug BA, Nuskova H, Pluhacek T,
Spatenka J, Kovalcikova J, Drahota Z, Kautzner J, Pirk J, Houstek J. Myocardial
iron content and mitochondrial function in human heart failure: a direct tissue
analysis. Eur J Heart Fail 2017;19:522–530.

23. Crespo-Leiro MG, Metra M, Lund LH, Milicic D, Costanzo MR, Filippatos G,
Gustafsson F, Tsui S, Barge-Caballero E, De Jonge N, Frigerio M, Hamdan R,
Hasin T, Hulsmann M, Nalbantgil S, Potena L, Bauersachs J, Gkouziouta A,
Ruhparwar A, Ristic AD, Straburzynska-Migaj E, McDonagh T, Seferovic P,
Ruschitzka F. Advanced heart failure: a position statement of the Heart Failure
Association of the European Society of Cardiology. Eur J Heart Fail 2018;20:
1505–1535.

24. Cooper LT, Baughman KL, Feldman AM, Frustaci A, Jessup M, Kuhl U, Levine
GN, Narula J, Starling RC, Towbin J, Virmani R. The role of endomyocardial
biopsy in the management of cardiovascular disease: a scientific statement from
the American Heart Association, the American College of Cardiology, and the
European Society of Cardiology endorsed by the Heart Failure Society of America
and the Heart Failure Association of the European Society of Cardiology. Eur
Heart J 2007;28:3076–3093.

25. Caforio AL, Pankuweit S, Arbustini E, Basso C, Gimeno-Blanes J, Felix SB, Fu M,
Heliö T, Heymans S, Jahns R, Klingel K, Linhart A, Maisch B, McKenna W,
Mogensen J, Pinto YM, Ristic A, Schultheiss HP, Seggewiss H, Tavazzi L, Thiene G,
Yilmaz A, Charron P, Elliott PM. Current state of knowledge on aetiology,
diagnosis, management, and therapy of myocarditis: a position statement of the
European Society of Cardiology Working Group on Myocardial and Pericardial
Diseases. Eur Heart J 2013;34:2636–2648.

26. Holzmann M, Nicko A, Kühl U, Noutsias M, Poller W, Hoffmann W, Morguet A,
Witzenbichler B, Tschöpe C, Schultheiss HP, Pauschinger M. Complication rate of
right ventricular endomyocardial biopsy via the femoral approach: a retrospective
and prospective study analyzing 3048 diagnostic procedures over an 11-year
period. Circulation 2008;118:1722–1728.

27. Yilmaz A, Kindermann I, Kindermann M, Mahfoud F, Ukena C, Athanasiadis A,
Hill S, Mahrholdt H, Voehringer M, Schieber M, Klingel K, Kandolf R, Böhm M,
Sechtem U. Comparative evaluation of left and right ventricular endomyocardial
biopsy: differences in complication rate and diagnostic performance. Circulation
2010;122:900–909.

28. Chimenti C, Frustaci A. Contribution and risks of left ventricular endomyocardial
biopsy in patients with cardiomyopathies: a retrospective study over a 28-year
period. Circulation 2013;128:1531–1541.

29. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, Flachskampf
FA, Foster E, Goldstein SA, Kuznetsova T, Lancellotti P, Muraru D, Picard MH,
Rietzschel ER, Rudski L, Spencer KT, Tsang W, Voigt JU. Recommendations for
cardiac chamber quantification by echocardiography in adults: an update from
the American Society of Echocardiography and the European Association of
Cardiovascular Imaging. Eur Heart J Cardiovasc Imaging 2015;16:233–270.

30. Levey AS, Stevens LA, Schmid CH, Zhang YL, Castro AF 3rd, Feldman HI, Kusek
JW, Eggers P, Van Lente F, Greene T, Coresh J; CKD-EPI (Chronic Kidney Disease
Epidemiology Collaboration). A new equation to estimate glomerular filtration
rate. Ann Intern Med 2009;150:604–612.

31. Siegismund CS, Escher F, Lassner D, Kühl U, Gross U, Fruhwald F, Wenzel P,
Münzel T, Frey N, Linke RP, Schultheiss HP. Intramyocardial inflammation
predicts adverse outcome in patients with cardiac AL amyloidosis. Eur J Heart
Fail 2018;20:751–757.

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

 18790844, 2020, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ejhf.1781 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [18/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2046 V.G. Hirsch et al.

32. Kühl U, Pauschinger M, Seeberg B, Lassner D, Noutsias M, Poller W, Schultheiss
HP. Viral persistence in the myocardium is associated with progressive cardiac
dysfunction. Circulation 2005;112:1965–1970.

33. Katzmann JL, Schlattmann P, Rigopoulos AG, Noutsias E, Bigalke B,
Pauschinger M, Tschope C, Sedding D, Schulze PC, Noutsias M. Meta-analysis on
the immunohistological detection of inflammatory cardiomyopathy in endomy-
ocardial biopsies. Heart Fail Rev 2020;25:277–294. https://doi.org/10.1007/
s10741-019-09835-9.

34. Nakayama T, Sugano Y, Yokokawa T, Nagai T, Matsuyama TA, Ohta-Ogo K,
Ikeda Y, Ishibashi-Ueda H, Nakatani T, Ohte N, Yasuda S, Anzai T. Clinical impact
of the presence of macrophages in endomyocardial biopsies of patients with
dilated cardiomyopathy. Eur J Heart Fail 2017;19:490–498.

35. Petrak J, Havlenova T, Krijt M, Behounek M, Franekova J, Cervenka L, Pluhacek T,
Vyoral D, Melenovsky V. Myocardial iron homeostasis and hepcidin expression
in a rat model of heart failure at different levels of dietary iron intake. Biochim
Biophys Acta Gen Subj 2019;1863:703–713. ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

. 36. Leszek P, Sochanowicz B, Brzoska K, Danko B, Kraj L, Kusmierczyk M,
Piotrowski W, Sobieszczanska-Malek M, Rywik TM, Polkowska-Motrenko H,
Kruszewski M. Does myocardial iron load determine the severity of heart insuf-
ficiency? Int J Cardiol 2015;182:191–193.

37. Hoes MF, Grote Beverborg N, Kijlstra JD, Kuipers J, Swinkels DW, Giepmans BN,
Rodenburg RJ, van Veldhuisen DJ, de Boer RA, van der Meer P. Iron deficiency
impairs contractility of human cardiomyocytes through decreased mitochondrial
function. Eur J Heart Fail 2018;20:910–919.

38. Melenovsky V, Hlavata K, Sedivy P, Dezortova M, Borlaug BA, Petrak J, Kautzner J,
Hajek M. Skeletal muscle abnormalities and iron deficiency in chronic heart failure.
An exercise 31P magnetic resonance spectroscopy study of calf muscle. Circ Heart
Fail 2018;11:e004800.

39. Charles-Edwards G, Amaral N, Sleigh A, Ayis S, Catibog N, McDonagh T,
Monaghan M, Amin-Youssef G, Kemp GJ, Shah AM, Okonko DO. Effect of iron
isomaltoside on skeletal muscle energetics in patients with chronic heart failure
and iron deficiency. Circulation 2019;139:2386–2398.

© 2020 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

 18790844, 2020, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ejhf.1781 by C

ochrane G
erm

any, W
iley O

nline L
ibrary on [18/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s10741-019-09835-9
https://doi.org/10.1007/s10741-019-09835-9

