@ ESC European Journal of Heart Failure (2022) 24, 1940—1949 RESEARCH ARTICLE

European Society doi:10.1002/ejhf.2628
of Cardiology

Intravenous iron therapy improves the
hypercapnic ventilatory response and sleep
disordered breathing in chronic heart failure

Sergio Caravital:2f, Andrea Fainil?, Carlo Vignati3, Sara Pelucchi4,
Elisabetta Salvioni3, Gaia Cattadori’, Claudia Baratto!, Camilla Torlascol,
Mauro Contini3, Alessandra Villanil, Gabriella Malfattol, Elisa Perger?,
Carolina Lombardi'4, Alberto Piperno4, Piergiuseppe Agostoni3:6%,

and Gianfranco Paratil 4+

"Department of Cardiovascular, Neural and Metabolic Sciences, Istituto Auxologico Italiano IRCCS, Ospedale San Luca, Milan, Italy; 2Department of Management, Information
and Production Engineering, University of Bergamo, Dalmine, Italy; 3*Centro Cardiologico Monzino, IRCCS, Milan, Italy; “Department of Medicine and Surgery, University of
Milano-Bicocca, Milan, Italy; >MultiMedica IRCCS, Milan, Italy; and ®Department of Clinical Sciences and Community Health, University of Milan, Milan, Italy

Received 20 December 202 17; revised 12 July 2022; accepted 20 July 2022 ; online publish-ahead-of-print 8 August 2022

Aims Intravenous iron therapy can improve symptoms in patients with heart failure, anaemia and iron deficiency. The
mechanisms underlying such an improvement might involve chemoreflex sensing and nocturnal breathing patterns.

Methods Patients with heart failure, reduced left ventricular ejection fraction, anaemia (haemoglobin <13 g/dl in men; <12 g/d|
and results in women) and iron deficiency (ferritin <100 or 100—299 pg/L with transferrin saturation <20%) were 2:1 randomized
to patient-tailored intravenous ferric carboxymaltose dose or placebo. Chemoreflex sensitivity cardiorespiratory
sleep study, symptom assessment and cardiopulmonary exercise test were performed before and 2 weeks after
the last treatment dose. Fifty-eight patients (38 active arm/20 placebo arm) completed the study. Intravenous
iron was associated with less severe symptoms, higher haemoglobin (12.5+ 1.4 vs. 11.7 + 1.0 mg/dl, p <0.05) and
improved haematinic parameters. Ferric carboxymaltose improved the central hypercapnic ventilatory response
(—25.8%, p < 0.05 vs. placebo), without changes in peripheral chemosensitivity. In particular, the central hypercapnic
ventilatory responses passed from 4.6 + 6.5 to 2.9 + 2.9 L/min/mmHg after ferric carboxymaltose and from 4.4 + 4.6

to 4.6 + 3.9 L/min/mmHg after placebo (P, esmentc = 0.046). In patients presenting with sleep-related breathing

‘condition
disorder, apnoea—hypopnoea index was reduced with active treatment as compared to placebo (12 +11 vs. 19+ 13
events/h, p <0.05). After ferric carboxymaltose, but not after placebo, both peak oxygen uptake (VO,) increased

(A1.1 2.0 ml/kg/min, p < 0.05) and VO,/workload slope was steeper (A0.67 + 1.7 L/min/W, p < 0.01).

Conclusions Intravenous ferric carboxymaltose improves the hypercapnic ventilatory response and sleep-related breathing
disorders in patients with heart failure, anaemia and iron deficiency. These newly described findings, along with
improved oxygen delivery to exercising muscles, likely contribute to the favourable effects of ferric carboxymaltose
in anaemic patients with heart failure.
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Background

Anaemia and disordered iron metabolism are ominous signs in
chronic heart failure (HF)."? Intravenous iron therapy improves
several relevant clinical aspects,®® including quality of life,>~’
exercise capacity,®® skeletal muscle energetics,” renal function'
and prognosis'! in symptomatic patients with HF and iron defi-
ciency, with or without anaemia.>'? Accordingly, intravenous iron
supplementation with ferric carboxymaltose should be considered
in symptomatic HF patients with an ejection fraction <45% and
iron deficiency, to alleviate symptoms, improve exercise capacity
and quality of life.”> However, the putative mechanisms account-
ing for such improvements in HF patients have been only partly
clarified.’

Haemoglobin plays a pivotal role in oxygen transport and uti-
lization, as well as in the clearance of carbon dioxide (CO,),
albeit this latter aspect is generally underappreciated.”'* Indeed,
iron-deficient anaemia, by limiting both oxygen and CO, trans-
port in the blood, might have deleterious effect on peripheral
and/or central chemoreflex responses. Thus, we hypothesized that
correction of iron-deficient anaemia by means of ferric carboxy-
maltose might improve chemoreflex sensing and patients’ clinical
status. Given the intricate link between chemoreflex sensitivity
and deranged ventilation during sleep in patients with HE'> we
also hypothesized that intravenous iron, by improving chemoreflex
sensing, might reduce the burden of sleep disordered breathing in
the subgroup of anaemic HF patients presenting with sleep apnoeas
at baseline evaluation.

Therefore, in this double-blind study, patients with HF and
iron-deficient anaemia were treated with ferric carboxymaltose or
placebo, with the aim of specifically investigating the effect of such
therapy on the ventilatory responses to hypoxia and hypercapnia,
as well as on sleep disordered breathing. Complementarily, we
also monitored the effects of ferric carboxymaltose on symptoms,
blood tests (including markers of iron metabolism) and exercise
performance.

Methods

The study was approved by the ethics committees of the Istituto Aux-
ologico Italiano and the Centro Cardiologico Monzino and registered
with the EudraCT number: 2012-005830-12. All enrolled patients
signed a written informed consent to the study. In brief, in between
2013 and 2017, we included consecutive clinically stable patients with
chronic HF that presented a left ventricular ejection fraction <45%,
anaemia (haemoglobin 9-12 g/dl in women or 9—-13 g/dl in men) and
iron deficiency (serum ferritin <100 pg/L or 100-299 pg/L whether
transferrin saturation was <20%). The complete list of inclusion and
exclusion criteria is presented in the online data supplement.

Study treatment

Patients were randomized 2:1 to intravenous iron or placebo accord-
ing to a centralized complete block design with six replications. Ran-
domization was based on biased-coin minimization method and strat-
ified by sex. The total dose of iron to be infused was calculated
through Ganzoni’s formula,® modified to take into account sex-related

differences in haemoglobin values and to reduce the amount of iron
calculated for deposits. Specifically, the following formula was applied:
iron repletion dose (mg) = weight (kg) X 2.4 X [(15 for males, 13 for
females) — haemoglobin (g/dl)] + 350. Calculated dose was rounded in
excess.

Intravenous ferric carboxymaltose or saline placebo was adminis-
tered every 3 weeks, with a maximum dose of 500 mg administered
during each session, up to the completion of the calculated total dose.
Because iron formulations are dark-brown and easily distinguishable
from placebo, the whole infusion set was shielded from patient’s sight,
and the personnel responsible for the preparation and administration
of the study drug was not involved in any study assessments. Safety
criteria for intravenous iron administration are reported as online data
supplement.

Study evaluations

At baseline (before treatment) as well as 2 weeks after completion
of iron replenishment, patients underwent a thorough clinical assess-
ment, including blood tests, standard echocardiography according to
international recommendations,’® cardiopulmonary exercise testing,
chemoreflex sensitivity assessment, and cardiorespiratory sleep study.
Cardiopulmonary exercise testing and chemoreflex sensitivity assess-
ment were performed within 24 h, on two separate days.

Chemoreflex testing

Chemoreflex sensitivity assessment was performed according to pre-
viously published methodology,'”'®
tests (peripheral chemosensitivity to hypoxia, peripheral chemosensi-
tivity to hypercapnia and central chemosensitivity to hypercapnia) were
always performed in the same order, separated by a 15-min interval.
All tests were centrally and blindly reviewed by a single expert reader.
The patients were seated and connected with a mouthpiece to
the V-MAX metabolic cart (Vmax SensorMedics 2200, Yorba Linda,
CA, USA) in order to collect breath-by-breath data, including minute
ventilation (VE) and end-expiratory partial pressure for CO, (PetCO,).
Peripheral oxygen saturation (SpO,) was continuously measured with
pulse oximeter and an ear probe. Calibration of the metabolic cart
was performed before each test. For the assessment of peripheral
hypoxic chemosensitivity and of peripheral chemosensitivity to CO,,
a non-rebreathing valve was placed in series to the mass flow sensor
of the metabolic cart, which separated the inspirate from the expirate.
The inspirate port was further connected to a T-valve shielded from
patients’ sight, and depending on the position of the T-valve, the subject
breathed either room air or a gas mixture from a 4-L reservoir bag.

as detailed below. Chemoreflex

Peripheral hypoxic chemosensitivity

After several minutes of quite breathing, the T-valve was turned
surreptitiously during the expiratory phase so that pure nitrogen was
inhaled for two to eight breaths in a random fashion. This transient
hypoxic challenge was repeated about 10—15 times in order to provide
a wide range of SpO, from 70% to 100%, with at least 2-min interval
between each test repetition, thus allowing SpO,, PetCO, and VE to
return at the individuals’ baseline. The lowest SpO, reached after each
nitrogen inhalation was plotted against the maximal VE (average of
two consecutive breaths) obtained within 20's from SpO, nadir. The
regression slope between these two variables (VE/SpO, slope) was
taken as an index of peripheral chemoreflex sensitivity to hypoxia,'”
and expressed in L/min/%.
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Peripheral chemoreflex sensitivity to carbon dioxide

After the subject breathed room air for several minutes, the T-valve
was turned surreptitiously during the expiratory phase so that the
subject inhaled a single breath of 13% CO, in air. The mean VE and
PetCO, of the five breaths before each CO, challenge were taken
as control. The PetCO, of the stimulus breath was considered equal
to the chemoreflex stimulus itself. The response in VE after the CO,
challenge was calculated as the average of the two largest consecutive
breaths within 20 s after CO, inhalation, thus assuming to exclude the
ventilatory response determined by the central chemoreceptors. The
single breath response was calculated as the ratio between delta VE
and delta PetCO,, and expressed in L/min/mmHg. The single breath
hypercapnic challenge was repeated 10 times with at least 2-min
interval in between each inhalation of 13% CO, in air, and the average
of the single breath CO, response for each subject was taken as an
index of peripheral chemoreflex sensitivity to CO,."”

Central chemoreflex sensitivity

After the subject breathed room air for several minutes, they surrepti-
tiously started a 4-min rebreathing from a 6-L bag containing 7% CO,
in oxygen. With this technique, it is assumed that pCO, equilibrium is
rapidly reached in the mixed venous blood, arterial blood, and gas in the
breathing bag, and that with very high oxygen concentration the periph-
eral hypercapnic response would be minimal or negligible. The slope of
the relationship between VE and PetCO,, expressed in L/min/mmHg,
was considered an index of central hypercapnic chemosensitivity.!”
Only the linear regression between the first identifiable increase in VE
up to the end of the test, or up to plateauing of VE values towards the
end of the test, was considered. Indeed, due to the quite long expo-
sure times at the high CO, levels, individuals may be unable to sustain
the high ventilation desired, or they may reach their maximum limit of
ventilation. Eliminating the plateauing phase from the VE/PetCO, slope
avoids factitious reductions of the hypercapnic ventilatory response.’’

Cardiorespiratory sleep studies

Cardiorespiratory sleep studies were performed with a standard
device (Embletta, Embla, Broomfield, CO, USA). All tests were cen-
trally reviewed and scored by a single blinded expert reader, according
to international guidelines,”’ identifying sleep period based on what
reported by the patient in the sleep diary. The presence of sleep disor-
dered breathing was defined by the presence of an apnoea—hypopnoea
index (AHI) >5 events per hour of sleep. Thus, for the evaluation of
the effect of ferric carboxymaltose (or of placebo) on sleep disordered
breathing, individuals with baseline AHI <5/h were discarded from car-
diorespiratory sleep study analysis.

Cardiopulmonary exercise test

A symptom-limited cardiopulmonary exercise testing was conducted
on a cycle ergometer, according to a personalized ramp incremental
protocol (ranging from 5 to 15 W/min), aimed at achieving maximal
exercise capacity in 8—12 min.2" Both the recruiting centers (Ospedale
San Luca IRCCS Istituto Auxologico Italiano and Centro Cardiologico
Monzino) implemented the same methodology and instrumentation,
analysing breath-by-breath data with V-MAX metabolic cart (Vmax
SensorMedics 2200, Yorba Linda, CA, USA). All tests were centrally
and blindly reviewed by a single expert reader. The average of the
last 30-s exercise time was taken as an estimate of the peak value

for the variables of interest. The first ventilatory threshold was
calculated by the V-slope method and confirmed by analysis of the
end-tidal pressures plot and the ventilatory equivalents plot. The
VE/VCO, slope was calculated over the linear component of VE
versus VCO, 22

Statistics and sample size considerations

Quantitative variables are expressed as mean + standard deviation
unless otherwise specified, whilst categorical variables as an absolute
number (percentage). We employed the two-tailed t-test, when appli-
cable, or a two-tailed Mann—Whitney U test for continuous data and
the chi-squared or the Fisher exact test, according to the sample size
and cell count, for categorical variables. We used linear mixed-effects
models accounting for repeated measurements with an unstructured
covariance matrix, fitting the models by maximizing the restricted
log-likelihood followed by a posteriori contrasts when applicable. The
false discovery rate algorithm was used for multiple post-hoc compar-
isons. The variables were transformed to handle possible violations of
the hypothesis of normality of the residuals. An a-level of 0.05 was
used for all hypothesis tests; analyses were performed using R Core
Team software (Vienna, Austria).

Based on previous data,’”'® we estimated that 66 individuals (60
with a 10% dropout) would have been enough to demonstrate, with a
p <0.05 and a power of 0.8, an improvement by 0.1 L/min/% of periph-
eral chemosensitivity, and by 0.5 L/min/mmHg of central chemosen-
sitivity, as a result of treatment. Due to a higher dropout rate than
expected, enrolment was continued up to including 70 patients. This
sample size was similarly expected to be enough to explore poten-
tial differences also in other meaningful pathophysiological variables,
such as AHI at polysomnography and peak oxygen uptake (VO,) at
cardiopulmonary exercise test.

Results

Patients’ flow is depicted in Figure 1. Out of 70 enrolled patients,
47 were assigned to active treatment and 23 to placebo. Fifty-eight
patients (38 randomized to ferric carboxymaltose and 20 to
placebo) completed the treatment phase and were subsequently
re-assessed. The treatment was well tolerated without side effects
in both study arms. The median (interquartile range) interval in
between the first evaluation and the post-treatment assessment
was 51 (47—-64) and 50 (42—-61) days in the active and placebo
group, respectively.

General characteristics

At baseline, there were no between-groups differences in general
clinical characteristics (Table 7). The leading aetiology of HF was
ischaemic heart disease (69% of patients), mean left ventricular
ejection fraction was 35+ 8% and mean estimated systolic pul-
monary artery pressure was 41+ 14 mmHg. Mean haemoglobin
value was 11.4+1.0 g/dl, with a mean estimated iron need of
1.0+ 0.3 g. Fifty-five percent of patients were in New York Heart
Association (NYHA) class Ill. This corresponded to neurohumoral
derangement (B-type natriuretic peptide, median [interquartile
range]: 345 [207-756] ng/L) coupled with a quite severe functional
impairment at cardiopulmonary exercise test, as witnessed by a
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Figure 1 Patients’ flow. CV, cardiovascular.

mean peakVO, of 13.6 + 3.9 ml/kg/min and a mean VE/VCO, slope
of 33+7.

Blood tests

Intravenous iron therapy, but not placebo, was associated to a sig-
nificant increase in haemoglobin and haematocrit (Table 2). This
was paralleled by an increase in ferritin, transferrin saturation, hep-
cidin, and by a reduction of soluble transferrin receptor (Table 2).
Fifty-one percent of patients in the active arm group and only one
patient in the placebo group had a haemoglobin increase >1 g/dl
as an effect of treatment.

Chemoreflex sensitivity

Before treatment, there were no significant differences in chemore-
flex sensitivity between the active arm and the placebo group
(Figure 2 and online supplementary Table S7), albeit with wide vari-
ability of individual responses (online supplementary Figures S 7 and
S$2). As a result of treatment, patients randomized to intravenous
iron therapy, as compared to those randomized to placebo, pre-
sented a significant reduction (p = 0.023) of the VE/PetCO, slope,
suggesting a reduction of central chemoreflex sensitivity to CO,
(Figure 3). Results remained consistent even after removing from
the active treatment group two potential ‘outliers’ characterized by
greatly enhanced response before treatment and markedly reduced
response after treatment (P eamenctcondition = 0-048). Neither intra-
venous iron therapy nor placebo was associated with changes in
peripheral chemoreflex sensitivity to either hypoxia or hypercapnia
(Figure 3, online supplementary Table S7, Figures S7 and $2).

Sleep disordered breathing

Sleep studies of adequate quality were obtained in 83% of patients
at baseline and in 86% of patients after treatment. Thirty-four indi-
viduals (21 active arm, 13 placebo) presented with sleep disordered
breathing at baseline (AHI>5/h). In this subset of patients with
AHI>5/h, mean AHI was 21.4 +16.0 in the active arm group and
20.6 + 14.7 in the placebo group, with no between-groups differ-
ences. After treatment, intravenous iron therapy resulted in lower

Table 1 General characteristics of the study

Placebo
(n = 20)

71+10
4(20)
79+20
171+10
26.8+5.2

6 (30)
13 (65)
1(5)

7 (35)
13 (65)

15+06
549 +490

179 +53
35+8
42+16

15 (88)
10 (50)
5 (25)
20 (100)
11 (55)
9 (45)
12 (60)
9 (45)
16 (80)

0.990
>0.99
0.462
0.451

0.540
0.890

0.402
0.663

0.546
0.317

0.488
0.834
0.840

0.586
0916
0.826
0.338
>0.99
0.510
0.726
>0.99
0.227
>0.99

population
Iron
(n=38)
Demographics and
anthropometrics
Age, years 71+10
Female sex 8 (21)
Weight, kg 74118
Height, cm 169+9
BMI, kg/m? 260+4.6
Aetiology of heart failure
Cardiomyopathy 10 (26)
Ischaemic heart disease 27 (71)
Valvular heart disease 1(3)
Rhythm
Atrial fibrillation 8 (21)
Pacemaker rhythm 21 (55)
Bood tests
Creatinine, mg/d| 14+0.5
BNP, ng/L 638 +798
Echocardiography
LVEDV, ml 179 + 67
LVEF, % 35+7
sPAP, mmHg 40+ 13
Treatment
Diuretics 34 (94)
ACE-inhibitors 21 (55)
ARBs 12 (32)
Beta-blockers 34 (90)
MRAs 20 (53)
Amiodarone 22 (58)
Antiplatelet drugs 26 (68)
Oral anticoagulants 16 (42)
ICD 23 (61)
CRT 12 (32)

6 (30)

Values are given as mean =+ standard deviation, or n (%).
ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; BMI,
body mass index; BNP, B-type natriuretic peptide; CRT, cardiac resynchroniza-
tion therapy; ICD, implantable cardioverter defibrillator; LVEDV, left ventricular
end-diastolic volume; LVEF, left ventricular ejection fraction; MRA, mineralocor-
ticoid receptor antagonist; sPAP, systolic pulmonary artery pressure.
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Table 2 Blood and haematinic parameters in the study population, before and after treatment

Treatment arm

RBCs, x10"?/L Iron 4.1+04
Placebo 43+0.8
Haemoglobin, g/dl Iron 11411
Placebo 11.4+£1.1
Haematocrit, % Iron 36 +3
Placebo 36 +3
Mean globular volume, fl Iron 87 +8
Placebo 84 +11
Mean globular haemoglobin, pg  Iron 28.1+3.5
Placebo 27.1+41
RBC distribution width, % Iron 16.1+2.1
Placebo 169+1.5
Iron, mg/dl Iron 50 +23
Placebo 56 +22
Transferrin, mg/dl Iron 293 +60
Placebo 296 +39
Transferrin saturation, % Iron 13+6
Placebo 14 +6
Ferritin, pg/L Iron 59 +63
Placebo 54 +38
Hepcidin, ng/ml Iron 15.8+13.1
Placebo 89+76
sTFR, ng/ml Iron 338+179
Placebo 31.5+134

Before treatment

After treatment Ptreatment Pcondition Ptreatment*condition
4.3+0.6* 0.268 0.023 0.491
44+08

12.5 + 1400 0.214 <0.001 0.020
11.7+1.0

38 & 4K 0.384 0.001 0.034
36 +3

90 + Skt 0.067 <0.001 <0.001
84 +11

29.7 +2.0%F 0.059 <0.001 <0.001
27.1+43

18.1 £ 3.7+ 0.626 0.032 <0.001
16.8+2.0

72 +25%FF 0.700 <0.001 0.015
62 +25

236 + 38T 0.003 <0.001 <0.001
305 +46

22 4 geTiT 0.041 <0.001 0.001
15+7

286 + 2221 <0.001 <0.001 <0.001
70 +£131

46.7 +53.6%F 0.022 0.150 0.019
7.6+8.1

22.9 + 8.6%%KT 0.247 0.008 <0.001
329+127

sTFR, soluble transferrin receptor; RBC, red blood cell.

*p < 0.05 vs. pre-treatment; **p <0.01 vs. pre-treatment; **p < 0.001 vs. pre-treatment; 'p < 0.05 vs. placebo; "'p <0.01 vs. placebo; Tp < 0.001 vs. placebo.

AHI, as compared with placebo (12 £ 11 vs. 19+ 13, p < 0.05). The
distribution of central, obstructive, and mixed sleep apnoeas, as
well as of hypopnoeas in these two groups before and after treat-
ment is shown in Figure 4.

Functional capacity

Patients treated by intravenous iron, as compared with those
on placebo, improved symptoms and functional capacity (online
supplementary Table S2). The prevalence of a NYHA class >l
was 61% and 45% of the active and placebo arm at base-
line, and shifted to 26% and 50%, respectively, after treatment
(ptreatment = 0.143, Peondition = 0.063, Ptreatmenttcondition — 0020) In
patients treated with intravenous iron, peak VO, improved by
1.1 +2.0 ml/kg/min (p = 0.027) while it did not show any relevant
change (0.3 + 2.3 ml/kg/min) on placebo. Similarly, VO,/work slope
was higher in the active than in the placebo arm after treatment
(p = 0.009).

Discussion

Our study, conducted with a rigorous double-blind methodol-
ogy, suggests that correction of iron-deficient anaemia with fer-
ric carboxymaltose may improve the central hypercapnic ventila-
tory response to rebreathing, as an index of central chemoreflex

sensitivity, in patients with HF. Additionally, our data suggest that
iron treatment reduces AHI in anaemic, iron-deficient HF patients
with sleep-related breathing disorders. Finally, our study confirms
the significant albeit modest beneficial role of intravenous iron sup-
plementation in exercise capacity in this population.

Chemoreflex sensitivity has a pivotal role in several aspects of
the complex pathophysiology of the HF syndrome, having been
associated with more severe symptoms, as well as with mark-

ers of disease severity,’>"®

including sleep disordered breathing,
and poor prognosis.* However, evaluation of chemoreflex sen-
sitivity has not been widely standardized, results might differ
based on the methodology employed,’® and there might be wide
inter-individual variability of responses.’® Additionally, it has been
suggested that the prevalence and clinical consequences of the
autonomic derangement (including central chemoreceptor hyper-
sensitivity) might have been changing over the past decade.?*
Nonetheless, if we compare our results to those obtained with an
identical methodology to assess chemoreflex testing, some aspects
deserve mention. First, as compared with a recent study in a con-
temporary, non-anaemic HF cohort where the effect of different
beta-blockers on the chemoreflex were tested,'® our patients dis-
played a similar peripheral chemoreflex response to both hypoxia
and hypercapnia, but a higher chemoreflex sensitivity to hypercap-
nia (on average, 4.6 L/min/mmHg before and 2.9 L/min/mmHg after
ferric carboxymaltose in our study vs. mean values in between

© 2022 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 Baseline chemoreflex sensitivity in the two study groups. There were no differences in chemoreflex sensitivity between the two
study groups at baseline. Values are expressed as median and median absolute deviation. PetCO,, partial end-tidal pressure for carbon dioxide;
SpO,, peripheral oxygen saturation; VE, minute ventilation. *p < 0.05.

2.7 L/min/mmHg on carvedilol to 3.1 L/min/mmHg on bisopro-
lol in the study by Contini et al'®). This observation indirectly
suggests that iron-deficient anaemia could negatively affect CO,
sensing, activating the central chemoreflex. Additionally, the reduc-
tion of the central hypercapnic ventilatory response after intra-
venous iron administration in our HF patients suggests a poten-
tial reversibility of such alteration after correction of anaemia. A
potential explanation for this finding relies on the pivotal role that

haemoglobin plays in the removal of CO, from the periphery to
the lung and its transfer to the alveoli.'*?* Indeed, only 10% of
CQ, is dissolved in the blood. Another 10% is directly bound to
haemoglobin to form carbamate but, most importantly, the great
majority of CO, is transported in the blood in the form of HCO, ™,
the formation of which is catalysed by carbonic anhydrase within
the red blood cell, thanks to the large oxylable buffering capacity
of haemoglobin.’*?>2¢ Thus, a reduction or sequestration of iron

© 2022 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 3 Percent variations in chemoreflex sensitivity after treatment in the two study groups. Peripheral chemoreflex sensitivity, both to
oxygen and to carbon dioxide did not change in either group as a result of treatment. The central ventilatory response to carbon dioxide was
improved (reduced) only in patients treated with intravenous iron. Values are expressed as median and median absolute deviation. PetCO,,
partial end-tidal pressure for carbon dioxide; SpO,, peripheral oxygen saturation; VE, minute ventilation. *p < 0.05.

stores not available for the erythroid pool, eventually resulting in
anaemia, will reduce the CO, clearance capacity of blood. In this
context, patients with HF might not be able to implement the sev-
eral compensatory mechanisms to maintain CO, output described
in experimental animal models of acute anaemia,’ including an
increase of cardiac output and a further utilization of the Haldane

effect, already maximalized by HF itself. The resultant increase
of the hypercapnic ventilatory response during CO, rebreathing,
either representing an activation of the central chemoreflex or,
more likely, an increase of the intensity of the stimulus to cen-
tral chemoreceptors, could be reverted by ferric carboxymaltose
supplementation and correction of anaemia.
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Notably, and coherently to the modulation of the ventilatory
response to CO,, also the AHI was reduced after ferric carboxy-
maltose in our anaemic HF patients, confirming previous findings
obtained in HF patients treated with a combination of erythro-
poietin and intravenous iron.”’ Indeed, the ventilatory response to
hypercapnia has been associated with sleep-related breathing dis-
orders: mainly of the central type'® but also the obstructive one.?
Thus, collectively our results suggest a novel mechanism, depen-
dent on central chemoreflex modulation, accounting for symp-
toms and sleep-related breathing alterations in iron-deficient HF
patients.

Somehow counterintuitively, correction of anaemia by ferric car-
boxymaltose did not affect peripheral chemoreflex sensing to oxy-
gen in our study, although an indirect demonstration of tonic acti-
vation of the peripheral chemoreflex in anaemic HF patients has
been previously provided by Franchitto et al.?’ In particular, in 36
HF patients, Franchitto et al. could show that haemoglobin was
weakly correlated with muscle sympathetic nerve activity, and that
acute peripheral chemoreflex deactivation with 100% oxygen was
associated with a reduction of sympathetic discharge only in the
18 anaemic HF patients.”’ The same results were thereafter repli-
cated in 15 patients with cardiorenal anaemia syndrome and 15
HF controls.? However, in those studies, patients’ iron status was
unknown, and conclusions were drawn based on acute chemore-
flex deactivation rather than by correcting anaemia, and direct
chemoreflex testing including the ventilatory responses to hypoxia
was not obtained. Moreover, the effect of 100% oxygen breath-
ing on the chemoreflex could be notably higher than that obtained
through ferric carboxymaltose, which increased haemoglobin by
1 g/dl on average in our patients. Furthermore, we cannot exclude
that a potential positive effect on the peripheral chemoreflex in
our anaemic HF patients could have been speculatively blunted

by oxidative stress,’® this latter favoured by intravenous iron
itself.

Finally, and coherently with previous studies on intravenous iron
therapy in HF patients, we could demonstrate a small but not
negligible improvement of peak VO, in actively treated patients,®3’
which was associated with a slightly steeper VO,/work slope. The
latter is likely due to an increase of cardiac contractile reserve,
of cardiac output response to exercise, and of oxygen delivery to

exercising muscles.

Study limitations

Since we enrolled only a relatively small group of anaemic,
iron-deficient HF patients, we cannot determine whether the
improvement in central chemoreflex sensitivity is a direct con-
sequence of iron replenishment or whether (more likely) it is
mediated by haemoglobin improvement. Further studies might
be needed to verify the efficacy of intravenous iron therapy in
non-anaemic, iron-deficient patients.

We roughly estimated central chemoreflex sensitivity by the
slope between PetCO, and minute ventilation, in analogy to previ-
ous investigations.'”'® However, PetCO, does not correspond to
medullary CO,. Additionally, as discussed, increased clearance of
CO, as a consequence of increased haemoglobin might determine
a more efficient lung gas exchange in spite of unaltered chemore-
flex sensitivity. If CO, was more efficiently cleared from tissues
after ferric carboxymaltose as a function of higher haemoglobin,
the rate of rise in end-tidal CO, might not have been equivalent to
that of medullary pCO,, nonetheless leading to a less sharp ven-
tilatory response to CO, in spite of unchanged sensitivity of the
central chemoreflex. Additionally, since we did not use the Duffin’s
modified rebreathing technique including prior hyperventilation, (i)
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we could not determine the CO, threshold,’ and (ii) we can-
not exclude that full equilibration of mixedvenous and end-tidal
partial pressures of CO, might have not occurred, occasionally
leading to steeper or shallower slopes in a given patient.'® Finally,
chemoreflex responses display a great inter- and intra-individual
variability,>? with the potential for some outliers to relevantly affect
between-groups statistical comparisons.

The VE/VCO, slope did not significantly change after intra-
venous iron therapy, despite the improvement in central chemore-
flex. However, central chemoreflex is only one of the actors
influencing ventilation during exercise, which is under the con-
trol of several mechanisms, including peripheral chemorecep-
tors, lung stretch receptors, lung stiffness, ventilation/perfusion
matching,33-3

Albeit we could demonstrate a reduction of apnoeas/
hypopnoeas per hour of sleep as an effect of intravenous iron in
our patients, our study was not adequately powered to detect
a statistically significant difference in a specific type of apnoeas.
However, given the role of central chemoreflex sensitivity in
regulating the CO, ventilatory (apnoeic) threshold and conse-
quently in determining central sleep apnoea, we could suppose
that the reduction in AHI might be mainly due to the favourable
effect on central type alterations during sleep. Additionally, we
should acknowledge that portable cardiorespiratory polygraph
for diagnosis of sleep-related breathing disorders might over- or
underestimate sleep apnoea in certain subject groups. However,
they are routinely used in the clinical setting, in combination
with a sleep diary to identify the actual patient’s sleep time, as
done also in our study. Finally, the study was conducted before
sacubitril/valsartan became largely available in clinical practice for
the treatment of HF with reduced ejection fraction. However, we
do not believe that routine use of sacubitril/valsartan would have
relevantly changed our results, nor this limitation would lessen
their importance.

Conclusions

Our data suggest that intravenous ferric carboxymaltose may
reduce the hypercapnic ventilatory response in anaemic,
iron-deficient, low ejection fraction HF patients. Additionally,
it could improve AHI in those patients presenting with sleep
disordered breathing. These newly described effects, along with
better peripheral oxygen delivery, can contribute to explain the
global clinical improvement observed in anaemic HF patients after
proper iron replenishment.

Supplementary Information

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