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Short- Term Changes in Left and Right 
Ventricular Cardiac Magnetic Resonance 
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on behalf of Myocardial- IRON Investigators†         

BACKGROUND: The mechanisms explaining the clinical benefits of ferric carboximaltose (FCM) in patients with heart failure, re-
duced or intermediate left ventricular ejection fraction, and iron deficiency remain not fully clarified. The Myocardial- IRON trial 
showed short- term cardiac magnetic resonance (CMR) changes suggesting myocardial iron repletion following administration 
of FCM but failed to find a significant increase in left ventricular ejection fraction in the whole sample. Conversely, the strain 
assessment could evaluate more specifically subtle changes in contractility. In this subanalysis, we aimed to evaluate the ef-
fect of FCM on the short- term left and right ventricular CMR feature tracking derived strain.

METHODS AND RESULTS: This is a post hoc subanalysis of the double- blind, placebo- controlled, randomized clinical trial that 
enrolled 53 ambulatory patients with heart failure and left ventricular ejection fraction <50%, and iron deficiency [Myocardial- 
IRON trial (NCT03398681)]. Three- dimensional left and 2- dimensional right ventricular CMR tracking strain (longitudinal, cir-
cumferential, and radial) changes were evaluated before, 7 and 30 days after randomization using linear mixed- effect analysis. 
The median (interquartile range) age of the sample was 73 years (65– 78), and 40 (75.5%) were men. At baseline, there were 
no significant differences in CMR feature tracking strain parameters across both treatment arms. At 7 days, the only global 
3- dimensional left ventricular circumferential strain was significantly higher in the FCM treatment- arm (difference: −1.6%, 
P=0.001). At 30 days, and compared with placebo, global 3- dimensional left ventricular strain parameters significantly im-
proved in those allocated to FCM treatment- arm [longitudinal (difference: −2.3%, P<0.001), circumferential (difference: −2.5%, 
P<0.001), and radial (difference: 4.2%, P=0.002)]. Likewise, significant improvements in global right ventricular strain param-
eters were found in the active arm at 30 days (longitudinal [difference: −3.3%, P=0.010], circumferential [difference: −4.5%, 
P<0.001], and radial [difference: 4.5%, P=0.027]).

CONCLUSIONS: In patients with stable heart failure, left ventricular ejection fraction <50%, and iron deficiency, treatment with 
FCM was associated with short- term improvements in left and right ventricular function assessed by CMR feature tracking 
derived strain parameters.
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Iron deficiency (ID) is a common condition in patients 
with heart failure (HF), and it is associated with re-
duced functional capacity and an increased risk 

of hospitalizations and mortality.1– 3 Treatment with 
intravenous ferric carboxymaltose (FCM) has been 
shown to improve quality of life and reduce the risk 
of HF hospitalizations in patients with chronic HF with 
reduced ejection fraction.4– 6 This benefit has recently 
been expanded to patients hospitalized for acute HF.7 
However, the mechanisms underlying such bene-
fits remain not completely understood.8,9 Different 
preclinical studies showed adverse effects of ID on 
mitochondrial function among myoblasts and cardio-
myocytes.10,11 Despite the growing research in this 
field, there is little clinical evidence on iron therapy’s 

impact on cardiac remodeling or ventricular function. 
The Myocardial- IRON trial showed that treatment with 
FCM causes short- term changes in cardiac magnetic 
resonance (CMR) sequences suggestive of myocar-
dial iron repletion in patients with chronic HF and ID.12 
However, in this trial, we failed to find a significant in-
crease in left ventricular ejection fraction (LVEF) in the 
whole sample.12 Ejection fraction has its caveats when 
evaluating the systolic function, as it is affected by 
heart rate, loading conditions, and cardiac geometry.13 
Nowadays, more accurate imaging- based techniques, 
such as myocardial strain analyses, can evaluate more 
specifically subtle changes in contractility.13 In fact, 
global myocardial function quantified by left ventricular 
(LV) strain using CMR has been shown to be an inde-
pendent prognostic factor in patients with HF.14,15 CMR 
feature tracking (CMR- FT) is a novel and non- invasive 
technique with high accuracy and reproducibility for 
quantitatively assessing myocardial deformation.16,17 In 
this post hoc analysis of the Myocardial- IRON trial, we 
aimed to evaluate the association between treatment 
with FCM with early short- term changes in CMR- FT 
deformation parameters in patients with chronic HF 
and ID.

METHODS
Study Sample and Trial Intervention
The data that support the findings of this study are 
available from the corresponding author upon rea-
sonable request. This is a post hoc analysis of an 
investigator- initiated, multicenter, randomized, double- 
blind, placebo- controlled clinical trial designed to 
evaluate the effect of intravenous FCM versus placebo 
on myocardial iron repletion estimated by T2* and 
T1 mapping CMR sequences, in patients with sta-
ble chronic HF (New York Heart Association class II 
and III), with systolic dysfunction (LVEF <50%), and ID 
(serum ferritin <100 µg/L or 100– 299 µg/L with trans-
ferrin saturation <20%). Inclusion and exclusion criteria 
are reported elsewhere.18 The trial (NCT03398681) was 
conducted in 5 academic centers in Spain. Patients 
were randomized 1:1 to receive either FCM or placebo. 
FCM (Ferinject, Vifor Pharma, Glattbrugg, Switzerland) 
was given intravenously as perfusion of 20 mL solu-
tion (equivalent to 1000 mg of iron) diluted in a sterile 
saline solution (0.9% NaCl) administered over at least 
15 minutes. In the placebo group, an intravenous saline 
solution (0,9% weight/volume NaCl) was administered 
over the same time. At 30 days, patients assigned to 
placebo received intravenous FCM if ID persisted. The 

CLINICAL PERSPECTIVE

What Is New?
• In patients with iron deficiency and heart fail-

ure and reduced ejection fraction, this study 
showed that treatment with iron ferric carboxi-
maltose translated into a significant short- term 
improvement in left and right systolic function 
assessed by cardiac magnetic resonance fea-
ture tracking‒ derived strain parameters.

What Are the Clinical Implications?
• These findings endorse the utility of treatment 

with iron ferric carboximaltose in patients with 
iron deficiency and heart failure and reduced 
ejection fraction providing new evidence about 
the cardiac mechanisms explaining the clinical 
benefits of iron repletion in heart failure.

Nonstandard Abbreviations and Acronyms

CMR- FT cardiac magnetic resonance feature 
tracking

FCM ferric carboxymaltose
ID iron deficiency
3D- GCS 3D- global circumferential strain
3D- GLS 3D- global longitudinal strain
3D- GRS 3D- global radial strain
2D- GCS 2D- global circumferential strain
2D- GLS 2D- global longitudinal strain
2D- GRS 2D- global radial strain
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study design and main results were previously pub-
lished. From May 2017 to June 2018, a total of 53 pa-
tients were randomly assigned to receive FCM (n=27) 
or placebo (n=26).12 Characteristics of the study sample 
were defined according to established definitions.19– 21

The investigation conforms to the principles outlined 
in the Declaration of Helsinki and Good Clinical Practice 
of the International Conference on Harmonization. The 
study protocol was approved by the Spanish Agency 
for Medicines and Medical Devices and by Clinical 
Research Ethics Committee of the University Clinical 
Hospital of Valencia. All patients signed and dated the 
informed consent form.

Cardiac Magnetic Resonance
CMR studies were performed by 2 experienced op-
erators (M.P.L.L, 21  years of CMR training, and 
J.V.M.M, 15 years of CMR training, both with European 
Association of Cardiovascular Imaging- CMR level 3) on 
a 1.5 Tesla MR scanner (Essenza and Avanto, Siemens, 
Erlangen, Germany) using the spine and phased array 
6- channel surface coils. All images were obtained with 
electrocardiographic gating and breath- holding. Cine 
sequences in the 2- , 3- , and 4- chamber views were 
obtained. Also, contiguous short- axis cine from the 
atrioventricular plane to the apex were acquired at rest 
every 1 cm with steady- state free precession imaging 
sequences. Detailed sequences parameters are pro-
vided in Table  S1. Typically, 40 shared phases were 
acquired in each cine sequence, and the temporal 
resolution was 37 ms.

Cine images were analyzed offline by 2 experi-
enced observers masked to all patient data using cus-
tomized software (QMASS- MR 6.1.5, Medis, Leiden, 
Netherlands). Right ventricular (RV) ejection fraction 
and LVEF, LV end- diastolic and end- systolic volume 
index (mL/m2), and LV mass (g/m2) were quantified by 
semiautomatic planimetry of endocardial and epicar-
dial borders in short- axis- view cine images.

The basic T2* pulse sequence is a breath- hold, 
multi- echo gradient- echo T2* sequence (voxel size: 
1.6×1.6×8 mm) with 8 echo times from 2.65 to 21 ms, 
in the mid- ventricular short axis. For T2* analysis, a 
region of interest was chosen in the mid- LV septum. 
The mean signal intensities of the regions of interest 
were measured in the series of increasing echo time 
images to give an exponential decay curve. The mon-
oexponential decay model and the non- linear curve 
fitting algorithm were used to fit the curve to obtain T2* 
measurement.

Feature Tracking Analysis
For strain analysis, the 2- dimensional (2D) and 
3- dimensional (3D) feature tracking analyses were 
performed by the same operator masked to treatment 

allocation. The cine steady- state free precession im-
ages were processed and analyzed using a dedicated 
magnetic resonance feature tracking software pack-
age (CVI42, Circle Cardiovascular Imaging, Canada). At 
end- diastole, LV endocardial and epicardial boundaries 
were manually delineated in the 2- , 3- , 4- chamber, and 
short- axis views, excluding papillary muscles from the 
endocardial contour. Likewise, RV endocardial and ep-
icardial boundaries were delineated in the 4- chamber 
and short- axis views. The superior and inferior right 
ventricular insertion points were additionally defined 
on short- axis cines. Then, in the 2- , 3- , and 4- chamber 
view images, a straight line from the midpoint of the mi-
tral annular plane to the apex was depicted (Figure 1A 
through 1D). Finally, an automated tracking algorithm 
was applied to propagate the contours throughout 
the cardiac cycle, and the rendered contours were re-
viewed and adjusted in case of inadequate automatic 
border tracking.
The algorithm performs an automatic strain analy-
sis (automatically computed in all slices that contain 
endo-  and epicardial contours). In particular, the 2D 
algorithm fits a 2D incompressible deformable model 
of the myocardium to individual image slices (eg, long 
or short axis acquisitions) over the cardiac cycle.22 In 
this 2D- analysis, long- axis cines were tracked to derive 
longitudinal strain parameters, and short- axis cines 
were used to derive circumferential and radial strain 
parameters.

Additionally, the 3D algorithm fits a 3D deformable 
model of the myocardium between the endocardial 
and epicardial surfaces generated by interpolating the 
tracked boundaries from the 2D algorithm. The surface 
interpolation is performed using both long and short- 
axis image information, which makes it suitable for in-
ferencing the radial, circumferential, and longitudinal 
motions of the myocardium.22

Finally, the analysis was performed over the entire 
cardiac cycle, resulting in a strain- time curve (Figure 1E 
through 1J); 2D and 3D global radial peak systolic strain 
(GRS), global circumferential peak systolic strain (GCS), 
and global longitudinal peak systolic strain (GLS) were 
obtained as the maximum strain magnitude on the 
strain curve.

End Points
The end points of this subanalysis were changes in 
LV and RV cardiac deformation parameters assessed 
by CMR- FT at 7 and 30 days. We selected 3D strain 
parameters for LV deformation because 3D CMR- FT 
offers better accuracy and reproducibility, reducing 
artifacts from through- plane motion presented in 2D 
analysis.16,23 Therefore, 3D- GLS, 3D- GCS, and 3D- 
GRS were evaluated for LV. For RV deformation, we 
opted for 2D CMR- FT analysis, which has excellent 

D
ow

nloaded from
 http://ahajournals.org by on A

pril 11, 2022



J Am Heart Assoc. 2022;11:e022214. DOI: 10.1161/JAHA.121.022214 4

del Canto et al Systolic Function Changes After FCM Administration

intra-  and inter- observer agreement, rather than 3D be-
cause the RV only appears in 4- chamber view, and 3D 
analysis would decrease the accuracy in strain quantifi-
cation.24 Thus, for RV, 2D- GLS, 2D- GCS, and 2D- GRS 

were assessed. An exploratory analysis included the 
association between LV CMR- FT strain parameters 
(3D- GLS, 3D- GCS, and 3D- GRS) and changes in T2* 
(CMR- surrogate of myocardial iron content).25
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Assessment of Reproducibility
Inter- observer reproducibility for the measurement of 
CMR- FT LV and RV strains was assessed in 16 CMR 
studies (30%) randomly selected from the study group. 
For this purpose, the differences between the meas-
urements performed by the 2 operators using the 
dedicated magnetic resonance feature tracking soft-
ware package (CVI42, Circle Cardiovascular Imaging, 
Canada) were determined.

Statistical Analysis
All statistical comparisons were performed under 
the intention- to- treat principle using Stata 15.1 (Stata 
Statistical Software, College Station, TX, USA). Observed 
mean values across treatment allocation were reported 
and compared using the paired t- test. The correlations 
among changes in strain parameters and changes in T2*, 
transferrin saturation (TSAT), and ferritin were evaluated 
by the Spearman test. Inter- observer reliability of meas-
urements was assessed by calculating, for each param-
eter, the correlation between any 2 measurements made 
on the same subject by an absolute agreement 2- way 
random effects model intraclass correlation coefficient. 
Intraclass correlation coefficient estimates and their 95% 
CI were reported. Linear mixed effect models were used 
to evaluate the primary and exploratory end points. All 
analyses were adjusted for age, sex, hospital (as a cluster 
variable), the main term for treatment, the main term for 
visit, and the interaction term treatment*visit (7-  and 30- 
day), and the baseline value of the regressed outcome. No 
adjustment was made for multiple comparisons. Results 
from the linear mixed effect models are presented as least 
square means with their respective 95% CIs and P val-
ues. All fixed- effects regression estimates were added in 
Tables S2 and S3. The proportion of missing values in 
CMR strain parameters were low (<5% for most of the pa-
rameters), and no imputations were performed.26 All anal-
yses were performed using Stata 15.1 (Stata Statistical 
Software, College Station, TX). A 2- sided P value of 0.05 
was considered significant for all the analyses.

RESULTS
The study population’s median age was 73  years (in-
terquartile range, 65– 78), and 40 (75.5%) were men. 
Ischemic etiology was present in 26 patients (49%), and 

most (94.3%) were in New York Heart Association Class 
II. The median of NT- proBNP (N- terminal pro- B- type 
natriuretic peptide) at randomization was 1690  pg/mL 
(1010– 2828). At baseline, all patients exhibited ID, and the 
median of ferritin and transferrin saturation (TSAT) were 
63 µg/L (p25%– p75%: 33– 114) and 15.7% (p25%– p75%: 
11– 19.2). The mean LVEF and RV ejection fraction in the 
whole sample were 40%±10% and 56%±11%, respec-
tively. The patients’ detailed baseline characteristics in the 
2 study groups have been reported elsewhere without 
significant differences between treatment groups.12 The 
means±SDs of LV strain parameters in the whole cohort 
were −5.6%±4.1%, −9.1%±3.5%, and 13.5%±5.2%, for LV 
3D- GLS, LV 3D- GCS, and LV 3D- GRS, respectively. For 
RV parameters, the means± SDs for RV 2D- GLS, RV 2D- 
GCS, and RV 2D- GRS were: −13.4%±5.4%, −9.5%±4.5%, 
and 16.5%±9.7%, respectively. Clinical characteristics 
across treatment arms are presented in Table 1. There 
were no baseline differences in LVEF and RV ejection 
fraction across treatment arms (Table 1). Likewise, LV (3D- 
GLS, 3D- GCS, and 3D- GRS) and RV (2D- GLS, 2D- GCS, 
and 2D- GRS) strain parameters did not significantly differ 
across both treatment arms (Table 1).

Iron Treatment and Changes in LV Strain 
by Cardiac Magnetic Resonance- Feature 
Tracking
LV 3D- GLS

Raw data of LV 3D- GLS across treatment allocation are 
presented in Table 2. The inferential analysis showed 
that LV 3D- GLS did not significantly differ between 
FCM and placebo at 7 days (Figure 2A, P=0.226; 95% 
CI, −2.3 to 0.4). Conversely, at 30  days, LV 3D- GLS 
significantly improved in the FCM arm compared with 
placebo (difference: −2.3%; 95% CI, −3.8 to −0.8; 
P<0.001; Figure 2A).

LV 3D- GCS

The descriptive analysis showed that the observed 
means of LV 3D- GCS along the visits is presented in 
Table  2. The inferential analysis confirmed that least 
square means significantly improved at both time points 
in the active- arm (7 days: difference −1.6%; 95% CI, 
−2.7 to −0.5; P=0.001; and 30 days: difference −2.5%; 
95% CI, −3.6 to −1.4; P<0.001) as shown in Figure 2B.

Figure 1. Left ventricular (LV) and right ventricular (RV) cardiac magnetic resonance feature tracking in the short- axis (A), 
and 2- chamber (B), 3- chamber (C), and 4- chamber (D) cine images at end- diastole.
The red and green curves delineate the endocardial and epicardial contours in LV, respectively; the yellow and cyan curves delineate 
the endocardial and epicardial contours in the RV, respectively. The blue and magenta points represent the superior and inferior RV 
insertion points on short- axis cines (A). The blue (LV) and orange (RV) lines are used to define the base and apex of the mitral annulus 
plane and the apical plane (B through D). Representation of LV global longitudinal strain, global circumferential strain, and global radial 
strain curves using 3D cardiac magnetic resonance feature tracking (E through G). Representation of RV global longitudinal strain, global 
circumferential strain, and global radial strain curves using 2D cardiac magnetic resonance feature tracking (H through J).
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Table 1. Baseline Characteristics by Treatment Arm

Variables
Placebo
(n=26)

IV
(n=27) P value

Demographics and medical history

Age (y) 71 (67– 79) 73.5 (64– 77) 0.957

Male, n (%) 19 (73.1) 21 (77.8) 0.691

Hypertension, n (%) 19 (73.1) 22 (81.5) 0.465

Dyslipidemia, n (%) 16 (61.5) 18 (66.7) 0.697

Diabetes, n (%) 14 (53.8) 15 (55.6) 0.901

Former smoker, n (%) 16 (61.5) 15 (55.6) 0.659

Coronary artery 
disease, n

10 (38.5) 13 (48.1) 0.477

Admission for AHF in 
last year, n (%)

16 (61.5) 16 (59.3) 0.865

COPD, n (%) 6 (23.1) 7 (25.9) 0.810

CKD, n (%) 7 (26.9) 8 (29.6) 0.827

Stroke, n (%) 6 (23.1) 2 (7.4) 0.111

Peripheral artery 
disease, n

4 (15.4) 4 (14.8) 0.954

NYHA functional 
class, n

0.080

II 26 (100) 24 (88.9)

III 0 3 (11.1)

Vital signs

Heart rate, bpm 68 (64– 77) 73 (68– 82) 0.262

SBP, mm Hg 125 
(113– 146)

117 (109– 132) 0.142

ECG and echocardiography

Atrial fibrillation, n (%) 14 (53.8) 10 (37.0) 0.219

LBBB, n (%) 6 (23.1) 6 (22.2) 0.941

CMR parameters

LVEDVI, mL/m2 122.1 
(101.5– 137.9)

107 
(80.1– 143.9)

0.109

LVESVI, mL/m2 72.5 
(55.1– 87.6)

63.5 (40.6– 84) 0.096

LVEDDI, mm/m2 30.8 
(28– 33.5)

30.9 
(26.9– 31.9)

0.493

LVESDI, mm/m2 23.1 
(21.1– 26.9)

23.7 
(23.0– 26.8)

0.648

LVEF, % 38.1 (10.6) 42.3 (9.9) 0.141

RVEF, % 56.8 (10.6) 55.8 (12.3) 0.743

LV 3D- GLS, % −5.3 (3.5) −5.8 (4.6) 0.668

LV 3D- GCS, % −9.4 (3.7) −8.8 (3.3) 0.493

LV 3D- GRS, % 12.8 (5.2) 14.1 (5.1) 0.387

RV 2D- GLS, % −14.7 (5.4) −12.2 (5.1) 0.087

RV 2D- GCS, % −9.7 (3.7) −9.3 (5.2) 0.728

RV 2D- GRS, % 16.5 (10.5) 16.4 (9.0) 0.994

Laboratory results

Hemoglobin, g/dL 13.4 
(12.7– 14.6)

13.1 
(11.9– 13.4)

0.084

Anemia (WHO), n (%) 6 (23.1) 10 (37.0) 0.268

Transferrin 
saturation, %

15.4 
(9.6– 20.0)

15.7 
(12.0– 19.2)

0.790

 (Continued)

Variables
Placebo
(n=26)

IV
(n=27) P value

Ferritin, ng/mL 47.8 
(23.0– 114.0)

73.0 
(56.0– 126.0)

0.072

Absolute iron 
deficiency, n (%)

19 (73.1) 18 (66.7) 0.611

eGFR, mL/min per 
1.73 m2

64.1 
(48.9– 79.3)

59.4 
(50.0– 71.3)

0.854

NT- proBNP, pg/mL 1213 
(1010– 2667)

1990 
(976– 2830)

0.505

Medical treatment

Diuretics, n (%) 24 (92.3) 25 (92.6) 0.969

Beta- blockers, n (%) 21 (80.8) 25 (92.6) 0.204

ACEI, n (%) 6 (23.1) 7 (25.9) 0.810

ARB, n (%) 4 (15.4) 5 (18.5) 0.761

Sacubitril/Valsartan, 
n (%)

8 (30.8) 10 (37.0) 0.630

MRA, n (%) 16 (61.5) 12 (44.4) 0.213

Values expressed as mean (SD) and median (percentile 25% to percentile 
75%). Categorical variables are presented as percentages. ACEI indicates 
angiotensin- converting enzyme inhibitors; AHF, acute decompensated heart 
failure; ARB, angiotensin II receptor blockers; CKD, chronic kidney disease; 
CKD- EPI, Chronic Kidney Disease Epidemiology Collaboration; CMR, 
cardiac magnetic resonance; COPD, chronic pulmonary obstructive disease; 
eGFR; estimated glomerular filtration rate assessed by CKD- EPI equation; 
LBBB, left bundle branch block; LVEDDI, left ventricle end- diastolic diameter 
index; LVESDI, left ventricle end- systolic diameter index; LVEDVI, left ventricle 
end- diastolic volume index; LVESVI, left ventricle end- systolic volume index; 
LVEF, left ventricular ejection fraction; LV 3D- GCS, left ventricle 3D- global 
circumferential strain; LV 3D- GLS, left ventricle 3D- global longitudinal strain; 
LV 3D- GRS, left ventricle 3D- global radial strain; MRA, mineralocorticoid 
receptor antagonist; NT- proBNP, N- terminal propeptide brain natriuretic 
peptide; NYHA, New York Heart Association; RVEF, right ventricular ejection 
fraction; RV 2D- GCS, right ventricle 2D- global circumferential strain; RV 2D- 
GLS, right ventricle 2D- global longitudinal strain; RV 2D- GRS, right ventricle 
2D- global radial strain; SBP, systolic blood pressure; and WHO, World Heart 
Organization.

Definitions:
Absolute iron deficiency was defined as ferritin <100 ng/mL.19 World 

Health Organization criteria for anemia: adult male, hemoglobin 13 g/dL; 
adult, non- pregnant female, hemoglobin 12 g/dL; pregnant adult women, 
hemoglobin 11 g/dL.20 Chronic kidney disease was defined as current or 
previous history of chronickidney disease, captured as the current status. 
Chronic kidney disease isdefined as either kidney damage or glomerular 
filtration rate <60 mL/min per1.73 m2 for ≥3 months.21 Coronary artery 
disease was defined as current or previous history of any of the following: 
(1) coronary artery stenosis ≥50% (by cardiac catheterization or other 
modality of direct imaging of the coronary arteries), (2) previous coronary 
artery by- pass surgery, (3) previous percutaneous coronary intervention, or 
(4) previous myocardial infarction.21 Prior myocardial infarction, was defined 
as the presence of any 1 of the following criteria: (1) pathological Q waves 
with or without symptoms in the absence of nonischemic causes, (2) imaging 
evidence of a region of loss of viable myocardium that is thinned and/or 
fails to contract, in the absence of a nonischemic cause, or (3) pathological 
findings of a prior myocardial infarction.21 Stroke was defined as an acute 
episode of focal or global neurological dysfunctioncaused by brain, spinal 
cord, or retinal vascular injury as a result ofhemorrhage or infarction.21 Heart 
failure (HF) hospitalization was defined as an event where the patient is 
admitted to the hospital with a primary diagnosis of HF where the length 
of stay is at least 24 hours (or extends over a calendar date if the hospital 
admission and discharge times are unavailable), where the patient exhibits 
new or worsening symptoms of HF on presentation, has objective evidence 
of new or worsening HF, and receives initiation or intensification of treatment 
specifically for HF.21 Obstructive coronary artery disease was defined as 
being present in patients with ≥50% stenosis in any major epicardial vessel 
or branch vessel >2.0 mm in diameter.21

Table 1. Continued
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LV 3D- GRS

Observed means of LV 3D- GRS in both treatment- 
arms are presented in Table 2. At 7 days, we did not 
find a significant difference between both treatment 
arms (difference: 2.1%; 95% CI, −0.4 to 4.7; P=0.118). 
However, 3D- GRS was significantly higher in those 
treated with FCM at 30 days (difference: 4.2%; 95% CI, 
1.4 to 7.0; P=0.002; Figure 2C).

Iron Treatment and Changes in RV Strain 
by Cardiac Magnetic Resonance Feature 
Tracking
RV 2D- GLS

Raw data of RV 2D- GLS across treatment alloca-
tion are presented in Table 2. The inferential analysis 
revealed that this parameter did not significantly im-
prove at 7 days (difference: −1.1%; 95% CI, −3.3 to 1.2; 
P=0.483), but it was significant at 30 days (difference: 
−3.3%; 95% CI, −5.9 to −0.7; P=0.010). Figure  3A 
shows the least square means (95% CI) across treat-
ment arms at 2- time points.

RV 2D- GCS

Table 2 showed the observed means of RV 2D- GCS 
and 7 and 30  days. No significant changes in least 
square means of RV 2D- GCS were found at 7 days 
(difference: −1.1%; 95% CI, −2.7 to 0.6; P=0.270), but 
it improved significantly at 30 days (difference: −4.5%; 
95% CI, −7.1 to −1.9; P<0.001) as shown in Figure 3B.

RV 2D- GRS

Observed means of RV 2D- GRS in the 2 study groups 
are presented in Table 2. Likewise, prior RV strain pa-
rameters, we could not find different significant val-
ues at 7 days (difference: 0.8%; 95% CI, −3.2 to 4.9; 
P=0.870). On the contrary, 2D- GRS were significantly 
higher in the active arm at 30 days (difference: 4.5%; 
95% CI, 0.4 to 8.6; P=0.027) (Figure 3C).

Table 2. Raw Data for CMR- FT Strain Parameters

CMR- FT strain (%) Placebo (n=26) IV (n=27) P value

7- d visit

LV 3D- GLS −5.9±3.2 −7.1±2.6 0.178

LV 3D- GCS −8.5±3.4 −9.6±3.3 0.256

LV 3D- GRS 11.4±4.6 14.0±5.7 0.073

RV 2D- GLS −15.0±6.0 −14.5±5.1 0.755

RV 2D- GCS −9.1±4.6 −10.2±4.4 0.353

RV 2D- GRS 14.9±6.9 15.9±9.7 0.642

30- d visit

LV 3D- GLS −6.4±3.1 −8.5±3.7 0.030

LV 3D- GCS −9.4±3.8 −10.8±3.0 0.143

LV 3D- GRS 12.5±4.6 16.9±6.5 0.008

RV 2D- GLS −15.2±5.4 −16.1±5.6 0.574

RV 2D- GCS −7.9±6.1 −12.0±4.2 0.006

RV 2D- GRS 14.2±6.4 18.2±8.7 0.040

Values are expressed as mean±SD. CMR- FT indicates cardiac 
magnetic resonance feature tracking; LV 3D- GCS, left ventricle 3D- global 
circumferential strain; LV 3D- GLS, left ventricle 3D- global longitudinal strain; 
LV 3D- GRS, left ventricle 3D- global radial strain; RV 2D- GCS, right ventricle 
2D- global circumferential strain; RV 2D- GLS, right ventricle 2D- global 
longitudinal strain; and RV 2D- GRS, right ventricle 2D- global radial strain.

Figure 2. Differences in left vetricular (LV) strain on cardiac 
magnetic resonance feature tracking at 7 and 30  days 
following the administration of ferric carboxymaltose in 
patients included in the Myocardial- IRON trial.
Values are presented as the least square means from each linear 
mixed model. All models were adjusted by the participant center 
(as a cluster variable), the interaction term treatment visit (7 and 
30 days), age, sex, and the baseline (pretreatment) value of the 
regressed outcome. (A) LV 3D- GLS. (B) LV 3D- GCS. (C) LV 3D- 
GRS. 3D- GCS indicates 3- dimensional global circumferential 
strain; 3D- GLS, 3- dimensional global longitudinal strain; and 
3D- GRS, 3- dimensional global radial strain.
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Association Between LV CMR- FT Strain 
Parameters and Changes in T2*, TSAT, 
and Ferritin
Correlations among changes in LV CMR- FT strain pa-
rameters and changes in T2* at 30 days are presented 
in Table S4. In treated patients, changes in LV 3D- GRS 
and T2* were significant (r=−0.42, P=0.045). Other cor-
relations were not significant. In an inferential analysis, 

the relationship between the increase in LV 3D- GRS 
and decreased T2* in those allocated to the active- arm 
remained statistically significant (Figure 4).
Correlations among 30- day changes in LV CMR- FT 
strain parameters and 30- day changes in ferrokinetic 
parameters were not significant (Table S4).

Iron Treatment and Changes in LV-  and 
RV- Strain by Cardiac Magnetic Resonance  
Feature Tracking in Those With LVEF 
≤40%
Similar findings were found in a sensitivity analysis, in-
cluding only patients with LVEF ≤40% (n=27). Most of 
the strain parameters tested in the active arm improved 
at 30 days (Figure S1).

Inter- Observer Reproducibility
Inter- observer reproducibility was good to excellent 
for all analyzed strain measures. Regarding measure-
ments of LV strain, intraclass correlation coefficient 
values (and their 95% CI) were 0.928 (0.852– 0.966), 
0.959 (0.902– 0.981) and 0.923 (0.846– 0.963) for GLS, 
GCS, and GRS, respectively. For measurements of RV 
strain, intraclass correlation coefficient values were 
0.912 (0.813– 0.959), 0.958 (0.906– 0.981) and 0.955 
(0.902– 0.979) for GLS, GCS, and GRS, respectively.

DISCUSSION
To the best of our knowledge, this is the first report 
showing that iron repletion resulted in a significant 
short- term improvement of LV-  and RV- CMR- FT strain 
parameters in patients with chronic HF with LVEF 
<50% and ID (Figure 5).

Iron Deficiency and Myocardial Function
Iron is a crucial element required for a wide range of 
cellular processes, as a component of the active site 
of many enzymes (mitochondrial respiratory chain, 
oxidative enzymes), oxygen transport (hemoglobin), 
and storage (myoglobin).1,9– 11 Previous experimental 
investigations have demonstrated that iron deficiency 
affects cardiomyocytes’ function by impairing mito-
chondrial respiration morphology, ATP production, 
and contractility.9– 11 In a clinical setting, ID has been 
described as frequent comorbidity in HF, affecting be-
tween 40% to 80% of patients.1,2,27,28 It is mainly asso-
ciated with decreased functional capacity and a higher 
risk of adverse outcomes in patients with LV systolic 
dysfunction.1,2,27,28 The data endorsing the role of ID 
in the pathophysiology of pulmonary vascular remod-
eling and RV HF is more scarce. However, there is also 
experimental and clinical data linking ID with pulmo-
nary hypertension and RV HF.29– 32 For instance, in a 

Figure 3. Differences in right ventricular (RV) strain on 
cardiac magnetic resonance feature tracking at 7 and 
30 days following the administration of ferric carboxymaltose 
in patients included in the Myocardial- IRON trial.
Values are presented as the least square means from each linear 
mixed effects model. All models were adjusted by the participant 
center (as a cluster variable), the interaction term treatment*visit 
(7 and 30 days), age, sex, and the baseline (pretreatment) value of 
the regressed outcome. (A) RV 2D- GLS. (B) RV 2D- GCS. (C) RV 
2D- GRS. 2D- GCS indicates 2- dimensional global circumferential 
strain; 2D- GLS, 2- dimensional global longitudinal strain; and 2D- 
GRS, 2- dimensional global radial strain.
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recent study from our group in 903 patients admitted 
with acute decompensated heart failure, we found that 
proxies of ID were significantly associated with echo-
cardiographic parameters of RV dysfunction.32

Iron Repletion and Changes in Ventricular 
Systolic Function
In an experimental field, iron repletion can reverse ID- 
related myocardial morphological and functional ab-
normalities.11 In the clinical setting, important clinical 
trials have consistently shown that administration of 
FCM in patients with HF and LVEF <50% is associated 
with a significant improvement in functional capacity, 
quality of life, and reduction of rehospitalizations.3– 7 
However, notwithstanding the rising proofs and inves-
tigations on the benefits of iron treatment in HF, there is 
limited clinical data on the direct mechanism explaining 
these findings. Specifically, there is scarce and heter-
ogenous evidence endorsing the effect of iron repletion 
on systolic ventricular function.33– 35 For instance, some 
clinical trials have reported that iron therapy improves 
LVEF and echocardiographic parameters of right ven-
tricular systolic function.33,34 However, other studies 
have failed to find significant changes in LVEF after iron 
supplementation.12,35 Likewise, in the Myocardial- IRON 
trial, we could not see a significant short- term improve-
ment of CMR- LVEF in the whole sample following the 
administration of FCM.12 However, a secondary analy-
sis conducted in patients with greater systolic dysfunc-
tion at baseline, FCM was associated with significant 
short- term improvements in LVEF and RV ejection frac-
tion assessed by CMR.36

More accurate imaging- based techniques, such 
as myocardial strain analyses, have developed to 

overcome the limitation of traditional echocardio-
graphic parameters for evaluating systolic myocardial 
function (high variability and reproducibility of mea-
surements, and the load- dependence).13 Additionally, 
it is also worth mentioning that conventional echocar-
diographic parameters for RV function also have well- 
recognized limitations.

In this regard, CMR feature tracking has emerged as 
a novel technique that allows accurate, non- invasive, 
and reproducible cardiac deformation parameters as-
sessment.16 This is especially true for evaluating RV 
function in which CMR provides a precise evaluation 
of RV geometry and function.37 There are not previous 
well- controlled studies assessing the effect of iron sup-
plementation on strain parameters. In an open- label 1- 
arm survey, Gaber et al showed in 40 patients with 
LVEF <40% and ID that iron correction with iron dex-
tran did not significantly increase LVEF but improved 
peak systolic strain assessed by echocardiography.35 
In the current analysis of a double- blind controlled ran-
domized clinical trial, we found significant improvement 
in CMR- FT derived LV and RV GLS, GCS, and GRS 
at 30 days after treatment with FCM. The Myocardial- 
IRON trial’s main results showed that following FCM 
administration, there were CMR changes suggestive 
of myocardial repletion. The results of this subanalysis 
may help disentangle part of the short- term myocardial 
mechanisms behind the clinical benefits related to iron 
repletion therapy in HF.

There are important issues that remain to be clari-
fied. For instance, we should require more information 
about the accuracy of T2* and T1- mapping changes 
as proxies of myocardial iron repletion and prediction 
of ventricular systolic improvement. Additionally, we 
should clarify the mid-  and long- term effect of FCM 
on systolic function and whether the increase in right 
ventricular function is secondary to the improvement 
of LV or pulmonary hemodynamic or reflects primary 
changes in right myocardial performance need to be 
clarified in further studies.

Limitations
Several limitations of our study should be mentioned. 
First, we cannot evaluate the correlation between CMR 
feature tracking strain changes and changes in myo-
cardial energetics with the present data. Second, these 
findings apply to a selected population with stable HF 
and LVEF <50%, without cardiac devices. Third, the 
rate of treatment with angiotensin- converting enzyme 
inhibitors, angiotensin receptor blockers, or angioten-
sin receptor neprilysin inhibitors were lower than found 
in recent registries and clinical trials. Probably, the fact 
that 48% of the patients showed LVEF between 41% to 
49% might explain this finding. Fourth, although image 
quality was good in general, in some patients, difficulty 

Figure 4. Association of left ventricular 3D- global radial 
strain with changes in myocardial iron content (T2*).
Values are the least- square means (95% CIs) from each linear 
regression analysis. LV 3D- GRS indicates left ventricular 
3- dimensional global radial strain.
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Figure 5. Overview for the short- term improvements in left and right ventricular function, 
assessed by cardiac magnetic resonance feature tracking derived strain parameters, 
on patients with stable heart failure and iron deficiency after treatment with ferric 
carboxymaltose.
CMR indicates cardiac magnetic resonance; CS, circumferential strain; FCM, ferric 
carboxymaltose; LS, longitudinal strain; LV, left ventricular; RS, radial strain; RV, right ventricular; 
and SSFP, steady- state free precession.
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with long breath- holds was overcome by slightly low-
ering the spatial resolution. Finally, this is a small study 
subjected to limited statistical power.

CONCLUSIONS
In this post hoc analysis of the Myocardial- IRON trial 
on patients with stable HF and ID, treatment with FCM 
was associated with short- term improvements in LV 
and RV function assessed by CMR- FT- derived strain 
parameters. Further investigations should confirm 
these findings and evaluate the clinical implications 
derived from them.
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Table S1. Details of performed sequences for CMR acquisition 

CMR sequence parameters Cine T2* 

Pulse sequence SSFP Multiecho gradient 

Slice thickness 7 mm 8 mm 

Field of view 400 x 300 400 x 324 

Matrix size 240 x 240 256 x 154 

Slice oversampling No No 

Voxel size 1.7 x 1.7 x 7 mm 1.6 x 1.6 x 8 mm 

Echo time 1.41 ms Ascending (2.65 to 21 ms) 

Repeat time 37.40 ms 800 ms 

Flip angle 58º 20º 

Bandwidth (Hz/Px) 947 814 

Acceleration GRAPPA (x2)  
No compressed-sensing 

GRAPPA (x2)  
No compressed-sensing 

 
GRAPPA: Generalized autocalibrating partially parallel acquisition 
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Table S2. CMR feature tracking LV strain models  

LV 3D-GLS Coeff. 95% CI p-value 

Covariates    

LV 3D-GLS at baseline 0.53 0.39 - 0.67 0.000 

Age (years) at baseline -0.04 -0.10 - 0.01 0.124 

Sex -0.38 -1.64 - 0.89 0.560 

1.iron_tx -0.92 -2.09 - 0.24 0.120 

2.visit -0.00 -0.86 - 0.85 0.995 

1.iron_tx#2.visit -1.38 -2.56 - -0.19 0.023 

N 97   

LV 3D-GCS Coeff. 95% CI p-value 

Covariates    

LV 3D-GCS at baseline 0.81 0.69 - 0.93 0.000 

Age (years) at baseline 0.02 -0.02 - 0.06 0.369 

Sex 0.44 -0.51 - 1.39 0.364 

1.iron_tx -1.59 -2.51 - -0.68 0.001 

2.visit -0.39 -1.22 - 0.44 0.361 

1.iron_tx#2.visit -0.88 -2.02 - 0.25 0.128 

N 100   

LV 3D-GRS Coeff. 95% CI p-value 

Covariates    

LV 3D-GRS at baseline 0.59 0.42 - 0.77 0.000 

Age (years) at baseline 0.02 -0.08 - 0.12 0.728 

Sex -0.89 -3.01 - 1.23 0.410 

1.iron_tx 2.14 -0.10 - 4.38 0.061 

2.visit 0.63 -1.62 - 2.88 0.584 

1.iron_tx#2.visit 2.07 -1.06 - 5.20 0.194 

N 97   

 
LV 3D-GLS: left ventricle 3D-global longitudinal strain; LV 3D-GCS: left ventricle 3D-global 

circumferential strain; LV 3D-GRS: left ventricle 3D-global radial strain. 
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Table S3. CMR feature tracking RV strain models  

RV 2D-GLS Coeff. 95% CI p-value 

Covariates    

RV 2D-GLS at baseline 0.76 0.59 - 0.93 0.000 

Age (years) at baseline -0.00 -0.10 - 0.09 0.947 

Sex 1.02 -1.01 - 3.05 0.326 

1.iron_tx -1.07 -3.03 - 0.88 0.281 

2.visit 0.41 -1.24 - 2.05 0.627 

1.iron_tx#2.visit -2.19 -4.45 - 0.07 0.057 

N 97   

RV 2D-GCS Coeff. 95% CI p-value 

Covariates    

RV 2D-GCS at baseline 0.73 0.58 - 0.88 0.000 

Age (years) at baseline -0.07 -0.14 - 0.01 0.075 

Sex 0.45 -1.09 - 1.99 0.568 

1.iron_tx -1.05 -2.47 - 0.36 0.145 

2.visit 1.74 -0.02 - 3.50 0.052 

1.iron_tx#2.visit -3.42 -5.86 - -0.98 0.006 

N 101   

RV 2D-GRS Coeff. 95% CI p-value 

Covariates    

RV 2D-GRS at baseline 0.46 0.29 - 0.63 0.000 

Age (years) at baseline 0.08 -0.09 - 0.25 0.367 

Sex 0.31 -3.39 - 4.01 0.869 

1.iron_tx 0.84 -2.68 - 4.37 0.639 

2.visit -1.30 -3.85 - 1.24 0.315 

1.iron_tx#2.visit 3.65 0.08 - 7.22 0.045 

N 99   

 
RV 2D-GLS: right ventricle 2D-global longitudinal strain; RV 2D-GCS: right ventricle 2D-global 

circumferential strain; RV 2D-GRS: right ventricle 2D-global radial strain. 
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Table S4. Correlations among 30-day changes LV strain parameters and changes in T2*, 

TSAT, and ferritin. 

 ΔT2* ΔTSAT ΔFerritin 

 Iron FCM 

ΔLV 3D-GLS 0.30 (p=0.183) 0.06 (p=0.742) 0.04 (p=0.889) 

ΔLV 3D-GCS 0.18 (p=0.426) 0.13 (p=0.561) -0.21 (p=0.339) 

ΔLV 3D-GRS -0.42 (p=0.045) -0.08 (p=0.751) 0.21 (p=0.330) 

 Placebo 

ΔLV 3D-GLS 0.22 (p=0.325) -0.20 (p=0.401) 0.18 (p=0.436) 

ΔLV 3D-GCS -0.14 (p=0.543) -0.28 (p=0.231) 0.19 (p=0.414) 

ΔLV 3D-GRS 0.23 (p=0.330) 0.33 (p=0.155) 0.13 (p=0.573) 

 

FCM: ferric carboxymaltose; LV 3D-GLS: left ventricle 3D-global longitudinal strain; LV 3D-

GCS: left ventricle 3D-global circumferential strain; LV 3D-GRS: left ventricle 3D-global 

radial strain. 

The Spearman test evaluated correlations. 
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Figure S1. Differences in LV and RV strain on CMR-FT at 7 and 30 days following the administration of ferric carboxymaltose in 

patients with baseline LVEF ≤ 40%. Values are presented as the least square means from each mixed linear regression model. All models 

were adjusted by the participant center (as a cluster variable), the interaction term treatment*visit (7 and 30 days), age, sex, and the 

baseline (pretreatment) value of the regressed outcome. (A) LV 3D-global longitudinal strain (LV 3D-GLS). (B) LV 3D-global 

circumferential strain (LV 3D-GCS). (C) LV 3D-global radial strain (LV 3D-GRS). (D) RV 2D-global longitudinal strain (RV 2D-

GLS). (E) RV 2D-global circumferential strain (RV 2D-GCS). (F) RV 2D-global radial strain (RV 2D-GRS). CMR-FT: cardiac 

magnetic resonance feature tracking. 
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