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Abstract

Aims Iron deficiency is common in heart failure with reduced ejection fraction (HFrEF). In patients with cardiac
resynchronization therapy (CRT), it is associated with a diminished reverse remodelling response and poor functional improve-
ment. The latter is partially related to a loss in contractile force at higher heart rates (negative force–frequency relationship).
Methods and results The effect of intravenous ferric carboxymaltose on reverse remodelling following cardiac
resynchronization therapy (IRON-CRT) trial is a multicentre, prospective, randomized, double-blind controlled trial in HFrEF pa-
tients who experienced incomplete reverse remodelling (defined as a left ventricular ejection fraction below <45%) at least 6
months after CRT. Additionally, patients need to have iron deficiency defined as a ferritin below 100 μg/L irrespective of trans-
ferrin saturation or a ferritin between 100 and 300 μg/L with a transferrin saturation <20%. Patients will be randomized to
either intravenous ferric carboxymaltose (dose based according to Summary of Product Characteristics) or intravenous pla-
cebo. The primary objective is to evaluate the effect of ferric carboxymaltose on metrics of cardiac reverse remodelling and
contractility, measured by the primary endpoint, change in left ventricular ejection fraction assessed by three-dimensional
(3D) echo from baseline to 3 month follow-up and the secondary endpoints change in left ventricular end-systolic and end-
diastolic volume. The secondary objective is to determine if ferric carboxymaltose is capable of improving cardiac contractility
in vivo, by assessing the force–frequency relationship through incremental biventricular pacing. A total of 100 patients will be
randomized in a 1:1 fashion.
Conclusions The IRON-CRT trial will determine the effect of ferric carboxymaltose on cardiac reverse remodelling and rate-
dependent cardiac contractility in HFrEF patients.
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Introduction

Iron deficiency is common in heart failure with a reduced
ejection fraction (HFrEF), affecting around 40 to 50% of
patients.1,2 Iron deficiency is associated with a reduced
functional status, poor exercise performance, and increased
risk for heart failure hospitalization and cardiovascular

mortality.3,4 On a molecular level, the detrimental effects of
iron deficiency relate to a diminished availability of iron as a
cofactor in proteins of oxidative phosphorylation and antiox-
idative enzymes.5,6 Therefore, iron deficiency is involved in
the process of progressive cardiac remodelling and failing car-
diac energetics. In HFrEF patients receiving cardiac
resynchronization therapy (CRT) specifically, iron deficiency
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occurs in up to 56% of patients.7 Normally, CRT induces sig-
nificant cardiac reverse remodelling, not only on a macro-
scopic level but also on a microscopic level. On a molecular
level, CRT induces the up-regulation of proteins involved in
energy metabolism, excitation–contraction coupling, and re-
dox balance.8–14 Of these proteins, several use iron as a co-
factor. Not surprisingly, the presence of iron deficiency at
the time of CRT implant is associated with diminished cardiac
reverse remodelling and limited functional improvement.7 In-
deed, an exercise haemodynamic evaluation of HFrEF pa-
tients indicated that the presence of iron deficiency is
associated with a diminished contractile reserve of the left
ventricle.15 Normally, when heart rate increases, cardiac con-
tractility increases disproportionally, a process termed ‘posi-
tive force–frequency relationship or Treppe phenomenon’.16

However, in order to attain such an increase in contractility,
the myocardium requires a surge in cardiac energetics.17 Re-
cent preclinical and animal studies have illustrated that iron
deficiency results in failing cardiac energetics, potentially
explaining the decrease in cardiac contractility at higher heart
rates.5,18 The effect of intravenous ferric carboxymaltose on
reverse remodelling following cardiac resynchronization
therapy (IRON-CRT) trial was specifically designed to answer
two important questions: (i) if treatment with ferric
carboxymaltose induces incremental reverse remodelling in
CRT patients with iron deficiency and a persistently reduced
left ventricular ejection fraction and (ii) if treatment with fer-
ric carboxymaltose is capable of improving cardiac contractil-
ity (force–frequency relationship) in vivo. For the latter, a
specific stepwise pacing protocol will be used to assess the
impact of ferric carboxymaltose on contractility.

Methods

The IRON-CRT trial is a double-blind, randomized, placebo-
controlled trial conducted in two sites in Belgium (Ziekenhuis
Oost-Limburg, Genk, and Jessa Hospital, Hasselt). This trial
will assess the impact of intravenous ferric carboxymaltose
compared with placebo on cardiac reverse remodelling and
cardiac contractility in HFrEF patients who experience incom-
plete reverse remodelling [defined as a left ventricular ejec-
tion fraction (LVEF) below <45%] at least 6 months after
CRT. The study is conducted in accordance with the principles

stated in the Declaration of Helsinki and the international
conference on the harmonization of good clinical practice.
The trial is registered on clinicaltrials.gov (identifier: NCT =
03380520). Written informed consent will be provided by all
patients before any study-related investigations will take
place. A flow of the study is reflected in Figure 1.

Study design and conduct

Eligibility
Men and women aged ≥18 years who received CRT as part of
their treatment plan for HFrEF (according to a guideline indi-
cation Class IA, IB, IIa, or IIb) more than 6 months ago and
have the presence of incomplete reverse remodelling, de-
fined as an LVEF below 45% at screening, are candidate for
laboratory screening. Additionally, patients need to be on
maximal tolerable and stable doses of all guideline-directed
medical heart failure therapies for at least 4 weeks (with
the exception of loop diuretics) and have mild functional im-
pairment (defined as a New York Heart Association Class II or
more). In addition, all patients are followed in a dedicated
multidisciplinary CRT optimization clinic ensuring optimal
biventricular pacing and heart failure care.19 These patients
undergo a screening laboratory, and if the presence of iron
deficiency is confirmed, patients are eligible for trial enrol-
ment if none of the exclusion criteria are present. Major in-
clusion and exclusion criteria are listed in Table 1. Iron
deficiency is defined according to the established criteria
used in previous trials and recognized by heart failure guide-
lines, being a ferritin below 100 μg/L irrespective of transfer-
rin saturation (TSAT) or a ferritin between 100 and 300 μg/L if
TSAT was below 20%.20–23

Randomization
If patients suffice all inclusion and exclusion criteria and pro-
vide written informed consent, patients are randomized using
a web-based randomization system (Castor EDC). Patients
will be assigned in balanced blocks assuring 1:1 randomiza-
tion to either intravenous placebo or intravenous ferric
carboxymaltose. A block randomization strategy is used as-
suring an equal number of patients with a baseline LVEF <

35% and LVEF > 35% (with maximum of 45%) in both treat-
ment arms. An LVEF of 35% was chosen to stratify into the
block of lower vs. higher baseline LVEF, based on the

Figure 1 Flowchart of the IRON-CRT study. *Additional visit for patients requiring 1.5–2.0 g ferric carboxymaltose (FCM) (visit also in placebo group).
EP, endpoint; FU, follow-up.
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observation that previous trials assessing the impact of ferric
carboxymaltose in HFrEF patients found a mean LVEF of on
average 35%, if an entry LVEF below 45% was used. We do
not apply a capping method to assure a minimal of patients
in the low vs. high LVEF block strata.

Drug intervention
The active treatment intervention consists of
ferric carboxymaltose (Injectafer®/Ferinject®, Glattbrugg,
Switzerland) diluted into 250 mL NaCl 0.9%. The placebo
intervention consists of the same 250 mL NaCl 0.9%
without ferric carboxymaltose. The required dose of ferric
carboxymaltose will be calculated according to the
regulatory-approved dosing scheme (Table 2). Briefly, based
on screening weight and screening haemoglobin, patients will
require a dose of ferric carboxymaltose ranging between 500
to 2000 mg. Because the maximal allowed dose of ferric
carboxymaltose during one intravenous administration is

1000 mg/week, patients who require a dose of either 1500
or 2000 mg will receive a follow-up appointment after 1–2
weeks to receive the remaining dose (Figure 1). To assure
maximal blinding, patients assigned to the placebo group
who would also require an additional dose based on their
body weight and haemoglobin levels will also receive a sec-
ond dosing appointment with infusion of placebo at that
time. As the collection of the endpoints in this study occur
on a relative short bases, no additional maintenance doses
of ferric carboxymaltose will be administered. After collection
of the primary and secondary endpoints, collection of study-
specific data will be terminated [with the exception of serious
adverse events (SAEs), up to 24 h after last visit]. Because at
the time of enrolment of the first patients into the IRON-CRT
trial, treatment with ferric carboxymaltose had a class IIa in-
dication in European heart failure guidelines, it was decided
with the local ethical committee that all patients who were
randomized to the placebo arm would receive appropriate
treatment with ferric carboxymaltose after collection of the
primary and secondary endpoints.22 Again, to assure optimal
blinding of both patients and investigators, the administra-
tion of ferric carboxymaltose will be performed in a blinded
fashion. Additionally, the patients who are assigned to ferric
carboxymaltose at baseline also receive a similar appoint-
ment after study completion but receive placebo in a blinded
fashion at that time. Therefore, patients will be crossed over
from treatment assignment group at the end of the study,

Table 1 Major inclusion and exclusion criteria of the IRON-CRT trial

Inclusion criteria

•Patients with chronic heart failure and implantation of cardiac resynchronization therapy more than 6 months ago and presence of iron
deficiency (ferritin <100 μg/L, irrespective of TSAT or ferritine between 100 and 300 μg/L with TSAT < 20%) and presence of incomplete
reverse remodelling (LVEF < 45%)

•Age ≥18 years
•Obtained informed consent
•Stable pharmacological therapy of heart failure during the last 4 weeks (with the exception of diuretics)
•At least 98% bivacing the last 6 months

Exclusion criteria

•A TSAT > 45%
•Haemoglobin >15 g/dL at inclusion
•Planned cardiovascular hospitalization during study period
•Known hypersensitivity to Injectafer®
•Known active infection, CRP > 20 mg/L, clinically significant bleeding, and active malignancy
•Chronic liver disease and/or screening ALT or AST above three times the upper limit of the normal range
•Immunosuppressive therapy or renal dialysis (current or planned within the next 6 months)
•History of erythropoietin, i.v. or oral iron therapy, and blood transfusion in previous 12 weeks and/or such therapy planned within the
next 6 months

•Unstable angina pectoris as judged by the investigator, clinically significant uncorrected valvular disease or left ventricular outflow
obstruction, obstructive cardiomyopathy, poorly controlled fast atrial fibrillation or flutter, and poorly controlled symptomatic
bradyarrhythmias or tachyarrhythmias

•Acute myocardial infarction or acute coronary syndrome, transient ischaemic attack, or stroke within the last 3 months
•Coronary artery bypass graft, percutaneous intervention (e.g. cardiac, cerebrovascular, and aortic; diagnostic catheters are allowed), or
major surgery, including thoracic and cardiac surgery, within the last 3 months

•Inability to fully comprehend and/or perform study procedures in the investigator’s opinion
•Vitamin B12 and/or serum folate deficiency according to the laboratory (re-screening is possible after substitution therapy)
•Pregnancy or lactation
•Participation in another clinical trial within previous 30 days and/or anticipated participation in another trial during this study

ALT, alanine transaminase; AST, aspartate transaminase; CRP, C-reactive protein; LVEF, left ventricular ejection fraction; TSAT, transferrin
saturation.

Table 2 Dosing of ferric carboxymaltose

Haemoglobin (g/dL)

Body weight (kg)

<35 35–70 >70

<10 500 mg 1.500 mg 2.000 mg
10–14 500 mg 1.000 mg 1.500 mg
>14* 500 mg 500 mg 500 mg

*with a maximum up to 15 g/dL.
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but this is performed to assure delivery of ferric
carboxymaltose to all patients and is not performed to collect
additional study information.

Blinding and study oversight
Because ferric carboxymaltose is a dark-brown solution, ad-
ditional measures will be undertaken in this trial to assure
patient and investigator blinding. Both the placebo and fer-
ric carboxymaltose solutions for infusion are covered in non-
see-through white bag. Additionally, all infusion lines are
made of non-see-through white plastic, avoiding the detec-
tion of the colour of the infusate (Supporting Information,
Figure S1). A study member from the Clinical Trial Unit
(CTU) of the Ziekenhuis Oost-Limburg (Genk, Belgium) is
assigned as part of the unblinded study team responsible
for randomization and preparation and administration of
the blinded study infusate. Additionally, all post-baseline
iron values are only made available by the central labora-
tory of Ziekenhuis Oost-Limburg (Genk, Belgium) to the un-
blinded study member of the CTU. The CTU from the
Ziekenhuis Oost-Limburg (Genk, Belgium) is responsible for
safety monitoring and collection of all potential SAEs and
adverse events. Additionally, the CTU performs oversight
of per-protocol execution of the study. This trial is partially
sponsored by an unrestricted research grant from Vifor
Pharma, covering medication cost and study materials. The
sponsor, Vifor Pharma, had no role in the design or the
monitoring of the trial, the selection of the participating
centres, recruitment of patients, or in the collection, record-
ing, storage, retention, or analysis of data, or the writing of
this methods paper.

Endpoints and ancillary data
The primary objective of this study is to determine if treatment
with ferric carboxymaltose is capable of inducing cardiac re-
verse remodelling in iron-deficient HFrEF patients with incom-
plete reverse remodelling following CRT. Therefore, the study
primary endpoint is the change from baseline in LVEF mea-
sured at 3 months. Key study objectives and endpoints are
reflected in Table 3. Supporting secondary endpoints of re-
verse remodelling are the change from baseline in left ventric-
ular end-systolic volume (LVESV) and end-diastolic volume
(LVEDV) both at 3 months. These volumetric measurements
will be collected using 3D transthoracic echocardiography by
an experienced blinded sonographer to minimize
intraobserver variability.24 The second objective of this study
is to determine if treatment with ferric carboxymaltose is ca-
pable of improving cardiac contractility by assessing the
force–frequency relationship. The gold standard formeasuring
the force–frequency relationship is by plotting invasively mea-
sured contractility (Dp/Dt) against heart rate. However, previ-
ous studies have shown a good approximation using a non-
invasive cardiac contractility index (CI; for details, see the next
section). This CI is the ratio between systolic blood pressure di-
vided by LVESV index (LVESV/body surface area). Therefore,
the secondary endpoint (assessing the objective of contractil-
ity) is the change in CI from baseline measured at 3 months.
Further supporting secondary endpoints are endpoints of
functional performance and function well-being including (i)
change in Kansas City Cardiomyopathy Questionnaire from
baseline to 3 months, (ii) change in European Quality of Life
5D from baseline to 3months, and (iii) change in cardiopulmo-
nary exercise test (CPET) variables, being the slope of the VE/
VCO2 ratio and peak VO2. Because the results from the CPET

Table 3 Study objectives and related endpoints

Study objective Related endpoint

Primary objective: to determine if treatment with ferric
carboxymaltose induces cardiac reverse remodelling

Primary endpoint: change in left ventricular ejection
fraction from baseline
Secondary endpoint: change in left ventricular end-systolic
volume from baseline
Secondary endpoint: change in left ventricular end-diastolic
volume from baseline

Secondary objective: to determine if treatment with
ferric carboxymaltose improves cardiac contractility
(force–frequency relationship)

Secondary endpoint: change in the slope of the contractility
index at incremental pacing at 70, 90, and 110 b.p.m.

Tertiary objective: to determine if treatment with ferric
carboxymaltose improves functional status/QoL and
exercise capacity

Secondary endpoint: change in the KCCQ, EQ 5D, and
VO2max and slope of the VE/VCO2 ratio

Exploratory objective: to determine if treatment with
ferric carboxymaltose changes relevant biomarkers

Secondary endpoint: change in biomarkers and peripheral
metabolome

Safety objective: to evaluate the safety and tolerability of
ferric carboxymaltose

Secondary endpoint: SAEs and adverse events leading to
study drug discontinuation and occurrence of heart failure
hospitalization and all-cause mortality

EQ 5D, European Quality of Life 5D; KCCQ, Kansas City Cardiomyopathy Questionnaire; QoL, quality of life; SAEs, serious adverse events.
Results from the force–frequency pacing protocol of the first 60 patients randomized in the IRON-CRT trial at baseline before study-spe-
cific interventions occurred. Analyses were performed using linear mixed modelling, modelling the time effect using AR(1) as times close
to each other will relate more to one and another. At baseline, 12 patients had an intrinsic rhythm just above 70 b.p.m. explaining the N=
48 at DDD-CRT 70 b.p.m. For this reason, recurrent measurements were analysed using linear mixed modelling and not repeated measures
ANOVA.
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are a secondary endpoint, patients will not obligated to be
able to perform a maximal CPET (respiratory exchange ratio
>1.1) at screening. Because it is anticipated that a fair amount
of patients would have a submaximal exercise test (respiratory
exchange ratio<1.1) at baseline, both VE/VCO2 ratio and peak
VO2 will be evaluated. For ancillary biomarker studies, blood
samples will be collected at both baseline and follow-up,
stored directly on ice, processed within the hour, and stored
for longer periods at �80 °C. Finally, safety endpoints will be
collected to assure safety and tolerability of the study drug
by collecting SAEs and discontinuation of ferric
carboxymaltose due to any adverse event.

Pacing protocol and protocol validation
To assess the impact of ferric carboxymaltose on cardiac
contractility, a specific previously validated pacing protocol
will be used to assess the force–frequency relationship.
Healthy individuals normally exhibit a positive force–
frequency relationship, in which contractility increases
disproportionally to heart rate. Previous preclinical and clin-
ical studies illustrate that HFrEF patients with iron deficiency
have blunted or negative force–frequency relationship (de-
crease in contractility at higher heart rates). Briefly, patients
will undergo biventricular pacing in a DDD modus (DDD-
CRT) or VVI-CRT modus (in case of atrial fibrillation) starting
at a baseline lower rate of 70 b.p.m. To avoid acute spikes
in lower-rate pacing during patients positioning, the R
modus will be programmed of during the entire pacing pro-
tocol. After a 5 min adaptation period at 70 b.p.m., three
blood pressure measurements will be taken, and detailed
two-dimensional (2D) echocardiography images will be col-
lected. Subsequently, the pacing lower rate will be in-
creased to 90 b.p.m. Again, after a 5 min adaptation
period, blood pressure measurements and 2D echocardiog-
raphy measurements will be collected. Finally, the lower
rate of pacing will be increased to 110 b.p.m., with again
collection of blood pressure measurements and 2D echocar-
diography data after a 5 min adaptation period. The cardiac
CI will be calculated as mentioned earlier as the ratio be-
tween the averaged systolic blood pressure divided by the
LVESV index.25 The LVESV for this secondary endpoint will
(in contrary to the primary endpoint LVEF and secondary
endpoint LVESV and LVEDV) be measured with 2D and not
3D echocardiography. This is because during higher rates
of pacing (e.g. 110 b.p.m.), the electrocardiogram-triggered
collection of the 3D volumetric dataset becomes erratic,
with numerous stitching artefacts and incomplete cycle
lengths, rendering the 3D volume set useless. Figure 2 illus-
trates the downsloping relationship at baseline (before any
treatment intervention) between the CI and the heart rate
in the first 60 patients randomized in the IRON-CRT trial (as-
sessment of the entire blinded baseline population). The re-
sults are the results of a linear mixed model, modelling the
time effect (DDD-CRT 70, 90, and 110) using an AR(1)

structure. This model illustrates overall a significant de-
crease in the slope of the cardiac CI (P < 0.001). However,
post hoc least significant difference testing shows a border-
line non-significance between DDD-CRT 70 and DDD-CRT 90
(P = 0.051), with a significant drop in contractility in all
pairwise comparisons with DDD-CRT 110 (P < 0.001 for all).

Statistical considerations

Sample size calculation
The IRON-CRT trial is powered for the primary endpoint,
change in LVEF from baseline at 3 month follow-up. The ex-
pected effect of ferric carboxymaltose on LVEF was deter-
mined based on both retrospective and prospective
analyses. A previous retrospective analysis indicated that pa-
tients with iron deficiency at the time of CRT implant have
4.7% less improvement in absolute LVEF 6 months after CRT
implant (after covariate adjustment).7 Additionally, a small
study from Toblli et al.26 illustrated in 20 patients receiving
iron sucrose that there was a mean improvement in LVEF of
around 4.4%, with slight deterioration in LVEF in the control
group. Considering a type I error rate α = 0.05 and a type II
error rate β = 0.10 (statistical power = 90%), we calculated
a total sample size of 66 patients to detect a mean 2.4% dif-
ference in LVEF, using a 3% absolute difference of standard
deviation of LVEF. Additionally, to account for potential drop-
out and assure substantial power for the secondary objective
endpoint evaluation (cardiac contractility), the sample size
was rounded to 100 patients.

Methods for statistical analysis
The primary statistical analysis in the IRON-CRT trial will be
according to the intention to treat principle applied to all
patients randomized to a treatment or placebo arm, who
received at least one dose. Analysis will be performed using

Figure 2 Force–frequency relationship at baseline in IRON-CRT patients.
CI, confidence interval.

Rational and design of the IRON-CRT trial1212

DOI: 10.1002/ehf2.12503
ESC Heart Failure 2019; 6: 1208–1215



linear mixed modelling, incorporating both a fixed effect
(treatment arm) and a random effect (centre effect and pa-
tient effect). Transformation will be applied when model as-
sumptions are violated (e.g. normality). A limited amount of
prespecified subgroup analysis will be performed, without
correction for multiplicity. We will test heterogeneity in
the treatment effect on the primary endpoint for following
subgroups: (i) patients blocked randomized to high vs. low
(>35%/<35%) LVEF strata, (ii) presence of baseline anae-
mia (haemoglobin >12 g/dL/<12 g/dL), and (iii) patients
with or without isolated hypoferritinaemia (ferritin <100
μg/L with TSAT > 20%). The impact of missing data will
be analysed in a sensitivity analysis using multiple
imputation.

Discussion

Iron deficiency is common, affecting around 40 to 50% of
HFrEF patients. In CRT patients, iron deficiency is at least
equally common and has been associated with a diminished
reverse remodelling and symptomatic response.1,2 Currently,
by guideline selection, patients who have an indication for
CRT will also have a IIa recommendation to receive treat-
ment with ferric carboxymaltose if they are iron deficient.22

However, a substantial proportion of patients who will have
received their CRT devices will have been implanted in an
iron-deficient state. It is unclear if treatment in these pa-
tients will result in the attainment of incremental reverse re-
modelling. Importantly, further therapeutic options that
could lead to functional improvement and reverse remodel-
ling in CRT patients with incomplete reverse remodelling are
limited, as patients by selection are on maximal tolerable
doses of neurohormonal blockers.22 The IRON-CRT trial will
learn whether treatment with intravenous iron will result
in incremental reverse remodelling, which is an important
surrogate endpoint in heart failure. Indeed, most therapies
that improve outcome such as angiotensin-converting en-
zyme inhibitor, angiotensin receptor blocker, beta-blockers,
mineralocorticoid receptor antagonists, and CRT all induce
reverse remodelling.27 Currently, several mortality and mor-
bidity trials are underway to assess the impact of ferric
carboxymaltose on the endpoint of heart failure hospitaliza-
tion and all-cause mortality. Currently, we only have data on
functional surrogate endpoints. Additionally, data about the
impact of intravenous iron on reverse remodelling in HFrEF
are scarce. Toblli et al. demonstrated that repeated treat-
ment with iron sucrose resulted in an improvement of LVEF.
However, the sample size of the study was small, used an in-
travenous iron formulation that is currently not endorsed by
European Society of Cardiology guidelines, and only included
patients who had anaemia.26 One small study in eight pa-
tients indicated that treatment with ferric carboxymaltose

was associated with a trend towards improvement of LVEF
measured by magnetic resonance imaging.28 However, due
to the limited samples size, the findings did not reach statis-
tical significance. Perhaps more importantly, the latter study
indicated that treatment with ferric carboxymaltose was ca-
pable of improving myocardial iron content measured by the
T2* sequence. Changes in T2* correlated well with changes
in LVEF and LVESV but not with LVEDV. In that aspect, it is
important to recognize that LVEF and LVESV (even at rest)
are also markers of cardiac contractility. The combination
of the primary and secondary endpoints will learn if intrave-
nous iron will have a predominant effect on true remodel-
ling (reduction of left ventricular volumes, with LVEDV
perhaps being the volumes least dependent on the contrac-
tile state) or improves mainly the contractile state of the
heart, hereby furthermore underscoring the importance of
the second main objective of the IRON-CRT trial, to deter-
mine the impact of ferric carboxymaltose on cardiac contrac-
tility. Indeed, iron is an essential cofactor in the complexes
of the electron transport chain.5 In both cell-based and ani-
mal studies, iron deprivation resulted in a diminished activity
of the electron transport chain, resulting in an energetic cri-
sis (decrease in the amount of phosphocreatine and ATP),
which probably contributes to the observed decreased car-
diac contractility and relaxation.5,18 Nevertheless, these arti-
ficially induced iron deficiency cell-based and animal models
exhibit extreme iron depletion, limiting the clinical relevance
towards real-world patients. In contrast, we have previously
demonstrated that HFrEF patients with iron deficiency have
a limited capability of increasing their cardiac output at
higher heart rates.15 Indeed, the energetic demand to sup-
port contractility and relaxation increases disproportionately
at higher heart rates. By inclusion of CRT patients, the IRON-
CRT trials will be capable of assessing the impact of ferric
carboxymaltose on cardiac contractility improvement. In-
deed, by gradually augmenting the baseline pacing rate,
we can assess the force–frequency relationship in vivo, in a
non-invasive manner. In this methods paper, we report the
force–frequency relationship of the first 60 patients random-
ized in the IRON-CRT trial, further supporting the finding
that iron deficiency is associated with a diminished contrac-
tility at higher heart rates (negative force–frequency
relationship).

Conclusions

The IRON-CRT trial will try to answer whether replenish-
ment of iron reserve is capable of inducing reverse remod-
elling and restoring cardiac contractility in patients with
HFrEF patients who experience incomplete reverse remodel-
ling after CRT.
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