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Abstract
Iron deficiency is prevalent in heart failure with reduced ejection fraction (HFrEF) and relates to

symptomatic status, readmission and all-cause mortality. The relationship between iron status and
response to cardiac resynchronization therapy (CRT) remains insufficiently elucidated. This study assesses
the impact of iron deficiency on clinical response and reverse cardiac remodeling as well as outcome after
CRT. Baseline characteristics, change in New York Heart Association (NYHA) functional class, reverse
cardiac remodeling on echocardiography, and clinical outcome (i.e. all-cause mortality and heart failure
readmissions) were retrospectively evaluated in consecutive CRT patients who had full iron status and
complete blood count available at implantation, implanted at a single tertiary care center with identical
dedicated multi-disciplinary CRT follow-up between October, 2008 and August, 2015. A total of 541
patients were included with mean follow-up of 38£22 months. Prevalence of iron deficiency was 56% at
implantation. Patients with iron deficiency exhibited less symptomatic improvement 6 months after
implantation (p-value<0.001). In addition, both the decrease in left ventricular end-diastolic diameter (-
3.1 mm versus -6.2 mm; p-value=0.011) and improvement in ejection fraction (+11% versus +15%, p-
value=0.001) were significantly lower in patients with iron deficiency. Iron deficiency was significantly
associated with an increased risk for heart failure admission or all-cause mortality (adjusted HR, 95%Cl =
1.718, 1.178-2.506), irrespectively of the presence of anemia (Hemoglobin below 12 g/dl in females and
below 13 g/dl in males). In conclusion, Iron deficiency is prevalent and affects both clinical response and
reverse cardiac remodeling after CRT implantation. Moreover, it is a powerful predictor of adverse clinical

outcomes in CRT.
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Introduction

Anemia is prevalent in patients with chronic heart failure and reduced ejection fraction (HFrEF) 1.
Substantial evidence suggests that it should be a target for post-implantation care following cardiac
resynchronization therapy (CRT) %3. However, the pathophysiology of anemia is complex with
hemodilution, occult blood loss, inflammation, renal disease and iron deficiency all playing a role 4.
Evidence linking anemia to CRT suggest that a high red cell distribution width and low mean corpuscular
hemoglobin concentration relates to poor reverse remodeling, perhaps hinting to presence of iron
deficiency °. Moreover, iron deficiency in HFrEF worsens prognosis and disability, irrespective of the
presence of anemia ©. Therefore, iron deficiency is increasingly being recognized as an import target in
HFrEF amenable for intravenous supplementation even when anemia is not present 72 . Given the pivotal
role of iron in mitochondrial function, cardiac metabolism, oxygen transport, and cardiac remodeling, it
seems feasible that iron deficiency might also affect the response and outcome after CRT *!1. However,
there is a paucity of data with regards to iron status and the clinical response as well as potential impact
on cardiac reverse remodeling following CRT. The objectives of this study are therefore: (1) to determine

the prevalence of iron deficiency in CRT candidates; and (2) to assess the impact of iron deficiency at

implantation on clinical response, reverse cardiac remodeling as well as outcome after CRT.

Methods

Consecutive HFrEF patients undergoing CRT implantation in a single tertiary care center
(ziekenhuis Oost-Limburg, Genk, Belgium) between October, 2008 and August, 2015, were evaluated. CRT
indications were in compliance with the European Society of Cardiology guidelines 2. For the current
analysis, only patients with a full iron status (iron, ferritin and transferrin saturation) and complete blood
count available at the time interval of 3 months before or after CRT implantation were included. Patients
underwent a similar pre-specified thorough follow-up and dedicated post-implantation CRT optimization
protocol, as published previously %3, Briefly, all patients received identical optimization of heart failure
care including up-titration of neurohormonal blockers, as well as echocardiography-guided optimization
of their device settings one day after implantation. This was repeated as indicated at each visit in a

dedicated multidisciplinary CRT clinic % . Patients received a first follow-up appointment 6 weeks after
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implantation and a second follow-up at 6 months. The current study is in compliance with the Declaration
of Helsinki. Given the retrospective nature of the study design, the need for written informed consent was
waived by the local ethical committee.

Iron deficiency was defined according to established criteria 7*4. Both a ferritin level <100 pg/I
irrespectively of transferrin saturation (absolute iron deficiency) and a ferritin level 100-300 pg/l with
transferrin saturation <20% (functional iron deficiency) were considered as iron deficiency. Anemia was
defined as a hemoglobin level <12 g/dl in women and <13g/dl in men according to the World Health
Organization criteria. Patients undergoing transfusion or therapy with intravenous iron or oral iron during
the index hospitalization and first 6 months of follow-up were excluded from the analysis. Comprehensive
2-dimensional echocardiography exams were performed (Philips Medical Systems, iE33w) at the time of
device implantation and after 6 months. All reported measurements were averaged from 3 consecutive
cycles (or 5 in case of atrial fibrillation) and assessed as recommended by the American Society of
Echocardiography *°. Left ventricular end-diastolic diameter (LVEDD) and end-systolic diameter (LVESD)
were measured from the parasternal long axis view. Left ventricular ejection fraction (LVEF) was obtained
using the modified Simpson’s biplane method in the apical 2- and 4-chamber view.

Analysis of response to CRT was systematically assessed at 6 months after implantation.
Symptomatic response was registered as a change in NYHA class between implantation and 6 months.
Echocardiographic response was measured by the change in LVEF and LVEDD between implantation and 6
months. For the long term outcome analysis, the primary endpoint consisting of a combined endpoint of
heart failure admission and all-cause mortality. Secondary endpoints consisted of each endpoint (heart
failure hospitalization and all-cause mortality) separately. Heart failure admission was defined as an
admission lasting > 24 hours necessitating intravenous diuretics and presence of at least one sign and one
symptom of congestion.

Normally distributed continuous variables were expressed as mean + standard deviation.
Categorical data were expressed as numbers and % and compared with the Pearson x>-test. Continuous
variables were compared with the Student’s t-test. Linear regression analysis was used to investigate the

independent impact of iron deficiency on LVEF change and LVEDD change as a continuous outcome



variable after adjusting for differences in baseline characteristics and known-predictors influencing
reverse remodeling. The Kaplan-Meier method was used to construct survival curves, with the log-rank
test used for comparison among groups. Unadjusted and adjusted hazard ratios were calculated by Cox
regression analysis. Statistical significance was always set at a 2-tailed probability level of <0.05. All

statistics were performed using SPSS version 22 (IBM, Chicago, IL).

Results

From 686 consecutive CRT patients, a total of 547 had full iron status and complete blood count
available at implantation and were considered for the current analysis. Mean time between baseline iron
status and CRT-implantation was 3(£56) days. Six patients were excluded from the analysis because they
received iron or red blood cell transfusion during the index hospitalization or first six month follow-up,
resulting in a final study population of 541 patients. Baseline characteristics are summarized in Table 1.
Iron deficiency was present in 301 (56%). Absolute versus functional iron deficiency was present in 162
patients (62%) and 101 patients (38%), respectively. Patients with iron deficiency were more likely to be
women, diabetic, and more often received loop diuretics and anticoagulation therapy. The use of CRT
devices with defibrillator was higher in patients without iron deficiency. When applying WHO-criteria for
anemia, iron deficiency was not associated with a higher proportion of anemia, however on numerical
basis the hemoglobin concentration was significantly lower (12.9 g/dl vs 13.6 g/dl, p =0.001).

Symptomatic improvement according to the change in NYHA functional class from implantation
to 6 months of follow-up is depicted in Figure 1. Patients with iron deficiency had a significantly lower
improvement in NYHA functional class (p-value<0.001) despite a similar distribution at baseline. No
difference was seen between NYHA class changes between absolute and functional iron deficiency
(supplementary table 1).

Reverse cardiac remodeling response according to iron status is presented in Table 2.
Echocardiography with high image quality for consecutive measurements was available in 263 patients
with iron deficiency (87%) and 222 patients without (92%). The proportion of patients dying in the iron

deficient (4.7%) and non-iron deficient (2.5%) group before 6 months was equal (p=0.252). Both groups



demonstrated favorable reverse remodeling as indicated by a significant decrease in LVEDD and increase
in LVEF (Table 2). However, the change in LVEDD and LVEF was significantly lower in patients with iron
deficiency. After correcting for difference in baseline characteristics (table 1) and factors affecting reverse
remodeling including female gender, Left bundle branch block, non-ischemic etiology and renal function,
presence of iron deficiency at baseline remained independently predictive of diminished reverse
remodeling (LVEF; B expressed as %, B=-3.1 1.1, P=0.004 and LVEDD; B expressed as mm, B=2.6%1.2,
P=0.036). Moreover, no differences were observed between patients with absolute versus functional iron
deficiency (supplementary table 2).

Six patients were lost to follow-up, with complete outcome data available for 535 patients (98%
of the total study population). A total 84 patients died and 53 patients were readmitted for heart failure
during mean follow-up of 38 + 22 months. In the primary endpoint analysis, 96 events (52 deaths and 44
heart failure readmissions) occurred in the iron deficiency group and 42 events (32 deaths and 10 heart
failure readmissions) occurred in the group without iron deficiency (Figure 2; p<0.001). Table 3 provides
an overview of the unadjusted and adjusted cox regression analysis. Presence of iron deficiency resulted
in a significant hazard ratio of 1.718 (1.178 — 2.506) on the combined primary endpoint, mainly driven by
heart failure hospitalization. Stratifying patients with iron deficiency according to the type of iron
deficiency (absolute versus functional), resulted in similar event rate for the primary endpoint with a non-

significant log-rank test at a p-value of 0.662.

Discussion

This study provides important novel insights on the impact of iron deficiency on CRT: 1) iron
deficiency is common at the time of CRT implantation; 2) patients with iron deficiency are less likely to
improve their functional capacity after CRT; 3) iron deficiency in CRT patients is associated with less
favorable reverse remodeling; 4) iron deficiency is associated with worse clinical outcome in CRT patients,
irrespectively of the presence of anemia. These data suggest that screening for iron deficiency at the time
of CRT implantation may help to identify a subgroup that could potentially benefit from intravenous iron

therapy to improve CRT response.



Iron deficiency is increasingly being recognized as an important comorbidity in HFrEF . Its
reported prevalence ranges from 16% to 57% depending on the criteria used and population being
studied *°. Due to guideline-directed selection of CRT candidates, the current study included patients with
symptomatic and advanced HFrEF 2. It was therefore not surprising to find a high prevalence of iron
deficiency in the current analysis. We also confirm previous findings that iron deficiency is often present
even in the absence of anemia ®.

In the setting of heart failure patients with a high prevalence of comorbidities, it is important to
appreciate that symptomatic response not always neatly tracks echocardiographic response (reverse
remodeling) or vice versa 7. Results of the current study indicate that iron deficiency in CRT recipients
influences the clinical response to CRT. From a patient perspective, this is an important observation,
because even improvement of the most ingravescent symptoms of functional limitation will be regarded
as success by the patient. Several well-conducted double-blind randomized controlled trials have
demonstrated improvement in functional status of HFrEF patients with iron deficiency after
administration of intravenous iron 7. Given the overlap between the inclusion criteria of these trials and
the current analyzes, an extrapolation of treatment effect is probably safe to make. Moreover, little
change was seen in the evolution of NYHA-class in the placebo groups of these trials, indicating that the
current difference in NYHA class at 6 months is not due to a secular time effect of iron deficiency 7.

Our data suggests that HFrEF patients with iron deficiency at the time of CRT implantation exhibit
a diminished capacity to reverse remodel. These results should be interpreted carefully because any
meaningful conclusion on causality is hard to defer from a retrospective analysis. On the other hand, it is
important to bear in mind that CRT is a clean non-pharmacological treatment for reverse remodeling that
allows to assess the impact of a metabolic comorbidity on its reverse remodeling capacity. In that setting
iron deficiency independently resulted after adjustment for baseline differences and factors influencing
reverse remodeling in -3.1+1.1% less improvement of LVEF and 2.6x1.2mm more dilation of LVEDD. From
a pathophysiologic perspective, two explanations might clarify this pivotal finding of reduced reverse
remodeling. First, iron deficiency might be a barometer for disease severity, meaning that iron deficiency

closely mirrors a more advanced disease state less capable of mounting reverse remodeling. Indeed, an



important driver of cardiac remodeling is the pro-inflammatory state of heart failure (cytokine
hypothesis), which also partially drives iron deficiency in heart failure. A recent study using circulating
microRNA’s illustrated that patients with a diminished level of micro-RNA30d exhibit a reduced ability to
offset the detrimental effects of TNF-a leading to less reverse remodeling 8. Thus, implying that higher
pro-inflammatory states correlate with diminished reverse remodeling. However comparing functional
versus absolute iron deficiency showed no difference between diminished reverse remodeling response.
This might imply that iron deficiency itself and not the mechanism driving iron deficiency is responsible
for the impaired reverse remodeling response. Secondly, we should attain the possibility that iron
deficiency itself is not a barometer but mediator in the process of reverse remodeling. Rat data indicates
that iron deficiency results in left ventricular dilatation, disorganized sarcomeres, mitochondrial swelling
and increased mitochondrial emission of reactive oxygen species %1%, CRT on the other hand results in
numerous beneficial myocardial molecular changes, including sarcomere remodeling, redox-balance
improvement, calcium cycling restoration, ion channel remodeling, improved sympatho-vagal balance and
mitochondrial proteomic changes 2?7, Given the overlapping themes between iron deficiency and cellular
remodeling following CRT, it seems feasible that a normal (cardiac) iron balance is a prerequisite for
optimal reverse remodeling. Therefore, it might be tempting to speculate whether administration of
intravenous iron in iron deficient CRT candidates results in more favorable reverse remodeling. Two small
randomized controlled trials suggested that intravenous iron results in an improvement of LVEF and
LVEDD after 6 months in HFrEF patients (without CRT) 282°, However larger prospective trials investigating
intravenous iron in HFrEF have not systematically assessed the effect on reverse remodeling 7.

The current analysis also demonstrated that patients with baseline iron deficiency exhibit a higher
rate of the primary end-point heart-failure admission or all-cause mortality. However this was mainly
driven by the hospitalization for worsening heart failure and not mortality. Importantly, this detrimental
effect of iron deficiency remained presence even after adjusting. The finding that patients with functional
and absolute iron deficiency have equal readmission and mortality rates corroborates the hypothesis that

iron deficiency itself is detrimental (and perhaps not the mechanism driving iron deficiency).



Several limitations need to be addressed. First, this study was a retrospective analysis with classic
limitations associated with this type of study design. Thereby making the study results mainly hypothesis
generating. Nevertheless, all patients were included in a standardized optimization protocol and follow-up
clinic, reflected by the low loss to follow-up (2%). Secondly, only NYHA functional class was used as
surrogate to assess functional improvement and this may be somewhat subjective. Indeed, iron deficiency
has been linked to reduced cycloergospirometry or reduced 6-minutes’ walk test 3°. These functional
investigations were not available. Third, only 547 patients of a total of 686 had an iron status and
complete blood count available at implantation. Importantly, baseline characteristics of the studied
population and patients excluded because of missing baseline iron measurements were similar
(supplementary table 3). Fourth, it is important to emphasize that during the entire length of the study
period, the scientific evidence for administration of intravenous iron in HFrEF was relatively low, which
was reflected by the high prevalence of untreated iron deficiency and the low number of exclusions due
to iron therapy in the analysis. Fifth, endpoints such as NYHA-class or reverse remodeling may be biased
in a retrospective study, however investigators evaluating these outcome-parameters were blinded to the
results of the iron or anemia status. Finally, we can only account for a potential impact of blood cell
transfusion or iron therapy in the first 6 months, however both reverse remodeling and symptomatic

improvement were assed in this time-frame.
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Figure legends

Figure 1. Symptomatic response at 6 month follow-up.

Figure 2: Long term outcome according to the presence of iron deficiency at implantation
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