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Abstract 

 

Background: Pulmonary arterial hypertension (PAH) is a progressive condition 

harbouring a poor prognosis. Iron deficiency in PAH correlates with disease severity 

and mortality. While replacement therapy may be beneficial, dietary iron absorption is 

impaired in PAH patients by hepcidin, a key regulatory protein of iron homoeostasis. 

We therefore assessed the therapeutic potential and safety of intravenous iron 

supplementation in patients with PAH and iron deficiency. 

Methods: 20 patients with PAH and iron deficiency, who were on stable targeted PAH 

therapy, received a single infusion of ≤1000 mg ferric carboxymaltose. All patients 

were assessed at baseline and two months after iron treatment. Exercise capacity 

was evaluated based on the 6-minute-walking distance (6MWD), and quality of life 

(QoL) was assessed by the SF-36 questionnaire (100 point scale). The effects were 

compared to 20 matched patients with stable PAH without iron deficiency who did not 

receive ferric carboxymaltose. 

Results: In iron deficient patients, iron supplementation led to a marked improvement 

of iron status (serum iron 5.7±0.4 to 11.1±1.1 μmol/L, ferritin 29.3±6.3 to 145.2±25.4 

μg/L, transferrin saturation 7.5±0.7 to 19.3±2.3%, all p≤0.001). Iron-deficient patients 

receiving ferric carboxymaltose showed a significant increase of the 6MWD from 

346.5±28.3 to 374.0±25.5 m (p=0.007), whereas no significant changes were found 

in the control group not receiving iron supplementation (6MWD 389.9±25.3 to 

379.6±26.2 m; n.s.), resulting in a net increase in the 6MWD of 37.8 m (p=0.003). 

This was associated with an improvement in QoL (SF-36 score from 44.3±3.7 to 

50.6±3.6; p=0.01). Only minimal side-effects were reported.  

Conclusions: These data indicate that parenteral iron supplementation with ferric 

carboxymaltose significantly improves exercise capacity and QoL and is well 

tolerated in patients with PAH and iron deficiency, and when administered in addition 

to targeted PAH therapies. Our results provide proof of concept for further studies 

evaluating the potential of iron as an adjunct in PAH treatment on a larger scale. 

 
 

Keywords: Pulmonary arterial hypertension (PAH), iron deficiency, iron, ferric 

carboxymaltose 
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Introduction 

 

 Pulmonary arterial hypertension (PAH) is a hemodynamic and pathophysiological 

condition defined by an increased mean pulmonary arterial pressure (PAP) of ≥25 

mmHg and normal pulmonary arterial wedge pressure (PAWP ≤15 mmHg) at rest as 

assessed by right heart catheterization [1,2]. In most cases, it is associated with a 

progressive increase in pulmonary vascular resistance (PVR) [1,3], followed by right 

ventricular failure and, ultimately, death. Despite major improvements in targeted 

drug treatments, PAH remains a devastating condition with limited survival [4-6]. 

 In addition to targeted drug therapies, current guidelines also recommend 

supportive treatments including the use of diuretics, supplemental oxygen, and 

anticoagulation [1,7]. Recent studies have indicated that the presence of anemia and 

iron deficiency is common in patients with PAH and correlates with disease severity, 

exercise capacity and even survival [8]. In various cohorts, the prevalence of iron 

deficiency, defined by reduced serum iron and transferrin saturations, was recently 

reported between 28 and 50 % in idiopathic PAH (IPAH) and up to 60 % in heritable 

PAH (HPAH) [9,10]. When iron deficiency was determined by the levels of circulating 

soluble transferrin receptor (sTfR), Rhodes et al. found iron deficiency without overt 

anemia to be present in even 63 % of patients with IPAH [11]. Although it was 

reported that increased red cell distribution width (RDW), indicative of iron-deficiency 

anemia, or anemia itself are associated with adverse outcome in PAH [12,13], the 

decreased exercise capacity seen in iron deficient patients compared to PAH patients 

with normal iron levels appeared to be independent of anemia [9]. Indeed, several 

studies indicate that iron deficiency alone is associated with a lower exercise capacity 

in PAH patients [9,11], and represents an independent predictor of survival in PAH 

[11,14]. In summary, these data highlight the high prevalence and clinical importance 

of iron deficiency in PAH and suggest that iron status may represent an important 

and accessible novel target for supportive therapeutic interventions. 

 While the FAIR-HF study has shown that restoring iron levels significantly 

improved quality of life, exercise capacity and New York Heart Association (NYHA) 

functional class in iron deficient patients with chronic left heart failure [15], the impact 

of iron supplementation in iron deficient patients with PAH and right heart failure has 

not yet been extensively studied. Interestingly, oral iron therapy was shown to be 

ineffective at restoring normal ferritin levels in the majority of PAH patients [9]. This 
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may be explained by impaired dietary iron absorption, as PAH patients were recently 

shown to display increased levels of a key regulatory protein of iron homeostasis, 

hepcidin [16], which correlated with iron deficiency and impaired iron absorption from 

the gut [11]. We therefore assessed the efficacy, therapeutic potential and safety of 

intravenous iron supplementation with ferric carboxymaltose in patients with PAH and 

iron deficiency. 
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Patients and Methods 

 

Study population 

 We prospectively investigated a series of twenty adult patients with symptomatic 

PAH (Nice group 1, as diagnosed by right heart catheter), who had significant iron 

deficiency (see below) and thus received iron supplementation. The results of the 

intervention group were compared to twenty matched control subjects with stable 

PAH of similar origin, but without iron deficiency, who did therefore not receive iron 

supplementation. Patients were matched for age, gender, type and duration of PAH, 

type of treatment, hemodynamics and WHO functional class. No patients with 

considerable liver disease (serum glutamic oxaloacetic transaminase / glutamic 

pyruvic transaminase >70 U/L), kidney dysfunction (serum creatinine >2.0 mg/dL), 

marked anemia (hemoglobin <7.5 mg/dL) or marked inflammation (C-reactive protein 

>25 mg/L) were included. While the administration of ferric carboxymaltose was 

within the approved label, data acquisition and analysis was approved by the local 

Ethics Committee of the University of Cologne. 

 

Characterization of iron status and definition of iron deficiency 

 Iron status was determined in all patients by measuring the serum levels of iron 

(normal value 9.0-30.0 µmol/L), ferritin (normal value males 30-400 µg/L, females 30-

150 µg/L), and transferrin saturation (TSAT; normal value 16-45%) by standard 

laboratory procedures (accredited under ISO 15189). In addition, mean corpuscular 

volume (MCV) (normal value 80-96 fL) and the levels of hemoglobin (normal value 

males 13.5-18.0 g/dL, females 12.0-16.0 g/dL), C-reactive protein (CRP), creatinine, 

and N-terminal prohormone of brain natriuretic peptide (NTproBNP) were assessed. 

Based on previous studies in patients with PAH [9], significant iron deficiency was 

defined by a serum iron level <10 µmol/L, serum ferritin <150 µg/L and TSAT <15 %, 

in the absence of significant inflammation (CRP <25 mg/L). 

 

Confirmation of PAH and right heart catheterization 

 The diagnosis of PAH was confirmed by right heart catheterization in all patients. 

PAH was defined by a mean PAP of ≥25 mmHg and a PAWP ≤15 mmHg at rest 

[1,2]. Right heart catheterization also included the measurement of cardiac output, 

mixed venous oxygen saturation, and calculation of PVR. Significant left heart 
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disease or chronic lung disease were routinely ruled out, and chronic thromboembolic 

PH was excluded by ventilation/perfusion scan in all patients, according to current 

guidelines [1,2]. 

 

Transthoracic echocardiography 

 Transthoracic echocardiography (TTE) was performed in all patients using the 

Philips iE 33 system (Philips GmbH, Hamburg, Germany), equipped with a 12 MHz 

transducer. Specific assessments concerning the morphology and function of the 

right heart included right atrial area, right ventricular end-diastolic diameter (RVEDD), 

tricuspid annular plane systolic excursion (TAPSE), and tricuspid regurgitation 

velocity (VmaxTV). The systolic tricuspid pressure gradient (∆PmaxTV) was calculated 

from VmaxTV by the modified Bernoulli equation, and pulmonary arterial systolic 

pressure (PASP) was estimated as the sum of ∆PmaxTV and right atrial pressure. All 

measurements were performed according to current guidelines [17]. 

 

Cardiopulmonary exercise testing (CPET) 

CPET was performed with semi-recumbent cycling on a stationary cycle ergometer. 

The exercise protocol consisted of 3 minutes of rest and 3 minutes of unloaded 

cycling, followed by an incremental work rate between 5 and 15 watts per minute up 

to the patients’ maximum tolerance, then 3 minutes of recovery. Gas exchange was 

measured breath-by-breath during the test, using a CareFusion Masterscreen/CPX 

metabolic cart (CareFusion Inc., Switzerland). Equipment was calibrated before each 

test. ECG and pulse oximetry were continuously monitored and blood pressure was 

measured every two minutes. Minute ventilation (V;
.
E), heart rate (HR), V;

.
O2/HR, 

V;
.
O2, V;

.
CO2, V;

.
CO2 vs V;

.
O2, V;

.
E/V;

.
O2, V;

.
E/V;

.
CO2, tidal volume (VT) vs V;

.
E, 

end-tidal PO2 (PETO2) and PCO2 (PETCO2) and the respiratory exchange ratio (RER) 

were averaged every 10 seconds. The anaerobic threshold (AT) was determined 

from gas exchange, by the V-slope method in all patients: The AT was derived from a 

plot with V;
.
O2 (x-axis) and V;

.
CO2 (y-axis) on equal axis scaling, and was recognized 

as the point where V;
.
CO2 started to increase faster than V;

.
O2. The other key 

variables were calculated and plotted as previously described [18]. 
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6-minute walking test 

 Exercise capacity was evaluated by the six-minute walk test. This test, in which 

the patient walks as far as possible within six minutes time, is a submaximal exercise 

test that can be performed by patients who are incapable of tolerating maximal 

exercise testing. All of our subjects were familiar with the test and were used to 

perform it on a regular basis at their routine follow-up visits. The six-minute walk test 

was performed in a standardized way according to the guidelines of the American 

Thoracic Society [19]. 

 

Assessment of quality of life  

 Quality of life (QoL) was assessed by the SF-36 questionnaire (100 point scale). 

The SF-36 is a multi-purpose, short form health survey with only 36 questions. The 

SF-36 has proven useful in surveys of general and specific populations including 

PAH, comparing the relative burden of diseases, and in differentiating the health 

benefits produced by a wide range of different treatments. 

 

Iron supplementation 

 Iron deficient patients received a single infusion of up to 1000 mg ferric 

carboxymaltose (Ferinject®; Vifor Inc., St. Gallen, Switzerland). The ferric 

carboxymaltose complex is a dextran-free iron formulation composed of a 

polynuclear iron(III) hydroxide complexed to carboxymaltose, which can be 

administered in high doses without releasing large amounts of reactive iron into the 

circulation or triggering dextran-associated immunogenic reactions [20]. The exact 

dosages can be calculated by the Ganzoni’s formula [21]. Ferric carboxymaltose was 

given up to a maximum single dose of 1000 mg but not exceeding 15 mg of iron per 

kg body weight. The respective dosages of concentrated ferric carboxymaltose 

(available in 10 ml vials of 50 mg iron/ml) were diluted in 100 ml of sterile 0.9 % 

sodium chloride solution and infused over a 15-minute period. Any adverse events 

were recorded on a regular basis. 

 

Statistical analysis 

 Wilcoxon rank-sum test was performed to compare hematology parameters 

before and after giving iron as well as for measuring the mean overall treatment 

effect of iron infusion on the 6MWD. Independent samples t-tests were used to 
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compare the change in 6MWD in relation to baseline hemoglobin levels along with 

evaluating the difference in walking distance depending on baseline right ventricular 

function. To assess the change in quality of life, a paired samples t-test was used. All 

data are presented as mean values ± standard deviation (SD) or mean values ± 

standard error of the mean (SEM), unless stated otherwise. A p-value <0.05 was 

considered as statistically significant. Analyses were performed with SPSS 10.0 

(SPSS Inc., Chicago, IL, USA). 
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Results 

 

Ferric carboxymaltose profoundly improved iron status in PAH patients 

 Demographics, etiology of PAH, disease characteristics at baseline and targeted 

PAH therapy in the intervention and control groups are summarized in tables 1 and 2.  

PAH was of idiopathic or hereditary origin, or associated with connective tissue 

disease or corrected congenital heart disease (systemic-to-pulmonary shunts 

surgically repaired at least five years previously). All patients were in WHO functional 

class II or III, and were on stable doses of targeted PAH therapy with endothelin 

receptor antagonists (ERA), phosphodiesterase type 5 (PDE5) inhibitors, soluble 

guanylyl cyclase (sGC) stimulators, tyrosine kinase inhibitors, or inhaled or oral 

prostanoids for at least 12 weeks prior to the intervention (iron supplementation). 

 Patients with iron deficiency had profoundly reduced serum levels of iron, ferritin, 

and transferrin saturation at baseline (Table 3). There was, however, no overt anemia 

in these patients, although hemoglobin levels (12.0 ± 0.6 vs. 14.6 ± 0.4 g/dL; 

p=0.001) and mean corpuscular volume (80.0 ± 1.8 vs. 87.3 ± 1.0 fL; p=0.002) were 

also decreased as compared to matched controls. All of the twenty patients who 

received intravenous iron infusions at their baseline visits completed the observation 

period of 8 weeks and did not receive any other iron supplementation during the 

course of the study. Furthermore, there were no changes in targeted PAH therapy or 

the use of diuretics. Iron was given as a single infusion of 1000 mg of ferric carboxy-

maltose, but not exceeding 15 mg per kg body weight. Based on this rule, the mean 

infused dosage among the twenty patients was 925 mg. 9 patients received 1000 

mg, 7 patients received 900 mg, and 4 patients received 800 mg. As expected, ferric 

carboxymaltose in iron deficient patients profoundly improved all parameters of iron 

status at 8 weeks (all p<0.001 for interaction), whereas there were no significant 

changes in the control group that did not receive ferric carboxymaltose (Figure 1 and 

Table 3). 

 

Improvement of exercise capacity and quality of life 

 The use of ferric carboxymaltose significantly improved exercise capacity as 

assessed by the 6MWD both within the intervention group and as compared with the 

non-intervention group (Figure 2A). As expected, the 6MWD was lower at baseline in 

iron deficient patients, despite a trend towards less hemodynamic impairment as 
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compared to the control group (table 2). While patients in the control group showed a 

mild decrease of the 6MWD from 389.9 ± 25.3 to 379.6 ± 26.2 m (p=0.114), iron-

deficient patients receiving ferric carboxymaltose showed a mean increase in their 

6MWD from 346.5 ± 28.3 to 374.0 ± 25.5 m at 8 weeks (p=0.007). This signifies a net 

increase in the 6MWD of 37.8 m in the intervention group compared to matched 

controls (p=0.003; Wilcoxon rank-sum test). 

 Improvement of iron status by ferric carboxymaltose was also associated with an 

improvement in quality of life, as assessed by the SF-36 questionnaire (100 point 

scale) (Figure 2B). In the ferric carboxymaltose group, there was a significant 

increase of the SF-36 score from 44.3 ± 3.7 at baseline to 50.6 ± 3.6 at the 

conclusive follow-up visit at 8 weeks, translating to a mean increase of 6.3 ± 2.2 

(p=0.01; paired samples t-test). 

 In addition to exercise capacity and quality of life, we also monitored echocardio-

graphic parameters at baseline and follow-up (Table 4). While there were no changes 

in RA area, RVEDD and ∆PmaxTV, there was a trend towards an increase in the 

TAPSE that did, however, not reach statistical significance in our small sample size 

(p=0.07). No significant differences between both respective groups were observed 

with regards to NTproBNP levels before and after intervention. 

 A subset of 8 patients in the intervention group also underwent CPET at baseline 

and follow-up. CPET showed improvements with respect to several parameters 

(Table 5). Peak exercise capacity was increased after the intervention, however there 

was no statistically significant change in peak VO2. On the other hand, the anaerobic 

threshold as a marker of maximum sustainable exercise, significantly changed from 

baseline to follow-up (+100.1 ± 37.0 ml/min, p=0.03). This is consistent with the 

observed increase in the 6MWD, both parameters reflecting submaximal exercise 

levels. Ventilatory efficiency for O2 and CO2 both tended to improve, however no 

statistical significance could be seen for these parameters. 

 

Impact of anemia and right ventricular function on the response to ferric 

carboxymaltose 

 To evaluate, whether baseline hemoglobin levels did have a noticeable impact on 

the beneficial effects of iron supplementation on exercise capacity, we compared the 

effect of ferric carboxymaltose on the 6MWD in patients with a hemoglobin level 

above or below the median. Among the 20 patients with iron deficiency, the median 
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hemoglobin value at baseline was 12.0 g/dL. Patients above that level (Hb ≥12 g/dL; 

n=10) improved their 6MWD from 350.3 ± 39.5 to 370.0 ± 35.8 m, whereas patients 

below that level (Hb <12 g/dL; n=10), thereby being anemic, showed an increase in 

the 6MWD from 342.6 ± 40.5 to 377.9 ± 36.3 m. Although there was no statistically 

significant difference among these groups (p=0.40), patients with lower hemoglobin 

levels tended to have a more pronounced effect (Figure 3A). 

 Similarly, we also compared the improvement in quality of life in the patients with 

a hemoglobin level ≥12 g/dL versus <12 g/dL. As demonstrated in Figure 3B, patients 

with lower hemoglobin levels also tended to have a more pronounced improvement 

of quality of life, but there was no statistically significant difference (9.8 ± 3.7 vs. 2.7 ± 

1.9; p=0.125). 

 Finally, we stratified the response to ferric carboxymaltose by right ventricular 

function. A consistent benefit regarding the improvement of the 6MWD and quality of 

life was observed in patients with reduced right ventricular function at baseline 

(TAPSE ≤17 mm) and those with preserved right heart function (Figures 3C and D). 

There were no significant differences in response to iron infusion between these two 

subgroups. Iron-deficient patients with a TAPSE ≤17 mm showed a mean increase in 

their 6MWD from 352.7 ± 46.6 to 389.0 ± 39.6 m, while patients with normal right 

ventricular function (TAPSE >17 mm) changed from 343.8 ± 35.1 to 367.5 ± 32.1 m 

(p=0.54 for interaction). Likewise, the improvement in quality of life (increase in the 

SF-36 score) in patients with reduced versus normal right ventricular function at 

baseline was 7.5 ± 5.8 and 5.7 ± 2.0, respectively (p= 0.73). 

 

Adverse events 

 Treatment with intravenous ferric carboxymaltose in our study was well tolerated 

in all patients. Only minimal side-effects were reported by two of the twenty patients 

receiving ferric carboxymaltose, and no hospitalisations or any other serious adverse 

events occurred in the intervention group during the course of our trial. These side-

effects were transient flu like symptoms after the iron infusion in one patient, and a 

temporary, minor skin discoloration at the infusion site in one other patient, caused by 

a small amount of the infusion running paravasally, which had been quickly corrected 

by resiting the cannula. 
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Discussion 

 

 In the present pilot study, we show that parenteral iron supplementation with ferric 

carboxymaltose given as a single infusion was able to restore iron status, and 

improved exercise capacity and quality of life in patients with PAH and iron 

deficiency. This treatment was well tolerated and not associated with significant side 

effects. While iron deficiency was defined on the basis of laboratory markers (serum 

iron, serum ferritin and transferrin saturation) and iron-repletion dosages were 

calculated by the Ganzoni equation using hemoglobin levels together with body 

weight [21], therapeutic efficacy was observed in both anemic patients and those with 

normal hemoglobin levels at baseline. Our data provide proof-of-concept for the 

efficacy and safety of parenteral iron supplementation in iron deficiency, a frequent 

and clinically relevant problem in patients with PAH. 

 Iron is an important element intricately involved in oxygen uptake and transport. It 

is needed to produce hemoglobin in erythrocytes, and myoglobin in the heart and 

skeletal muscles, facilitating oxygen diffusion and oxygen storage. Moreover, iron 

functions in several mitochondrial oxidative enzymes and the respiratory chain. 

Consequently, when iron deficiency occurs, oxygen supply to the heart and skeletal 

muscles is reduced, resulting in decreased exercise performance [9], worsened 

symptoms and adverse outcome in PAH [11,14]. 

 Since iron is important in increasing oxidative metabolism of the conditionally 

hypertrophied right ventricle to cope with the increased afterload, and for skeletal 

muscles to perform physical exercise, iron deficiency might thus have detrimental 

effects in PAH, possibly via decreased oxygen supply to the mitochondria of right 

ventricular cardiomyocytes [8] as well as by means of inducing selective changes in 

skeletal muscle metabolic enzymes [22,23]. Iron supplementation obviously improves 

peripheral oxygen supply by increasing hemoglobin levels. In our study, the patients’ 

aerobic exercise capacity, reflected by the AT and the 6MWD, was significantly 

improved. At the same time, maximum exercise capacity was not significantly altered, 

which might be an indicator for a persisting hemodynamic limitation at higher 

exercise levels which is due to the underlying disease.  

 In chronic left heart failure, iron deficiency is frequently encountered. The FAIR-

HF trial, a recent prospective trial in 459 iron-deficient chronic heart failure patients, 

found that restoring iron levels significantly improved quality of life, exercise capacity 
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and New York Heart Association (NYHA) functional class, irrespective whether 

anemia was present or not at baseline [15,24]. This has led to the implementation of 

iron status assessment into the current heart failure guidelines of the European 

Society of Cardiology [25]. Interestingly, while iron supplementation improved the 

clinical situation in iron-deficient patients with heart failure [15], the recent RED-HF 

study which investigated the effects of darbepoetin alfa failed to show any 

improvement of clinical outcomes in 2,278 patients with chronic systolic heart failure 

and anemia that was not due to iron deficiency, although darbepoetin alfa led to a 

rapid and sustained increase of hemoglobin levels [26]. Hence, these data indicate 

that iron deficiency rather than anemia is associated with adverse outcomes in left 

heart failure. 

 Recent studies have shown that iron deficiency is also a frequent phenomenon in 

patients with IPAH / HPAH and right heart failure, occurring in 28-63% of cases [9-

11]. Consistent with these studies, the prevalence of iron deficiency in our cohort of 

PAH patients was 38% (not shown). Iron deficiency was defined by serum iron levels 

<10 µmol/l, serum ferritin <150 µg/l, and TSAT <15 % (similar to previous studies in 

PAH patients [9]), which are criteria even a bit stricter than the ones used in the 

FAIR-HF study [15]. Potential reasons for iron deficiency in PAH include reduced iron 

intake, chronic blood loss and impaired iron absorption. There is no rationale to 

suggest that patients with IPAH have a diet that is lacking iron and, even though 

these patients are mainly female, the differences could not be attributed to the 

potentially interfering effects of menstruation, oral anticoagulants, targeted PAH 

therapies or hemodynamics [9-11]. Instead, iron deficiency in PAH was recently at 

least in part attributed to impaired dietary iron absorption, which is thought to be due 

to raised levels of hepcidin [11], representing a key regulatory protein of iron 

homeostasis which particularly inhibits dietary iron absorption and increases cellular 

iron storage [16]. Hepcidin is regulated by various factors including inflammatory 

processes, hypoxia, erythropoietin, sTfR, and bone morphogenetic protein (BMP) 

signaling [16]. The latter may be of particular importance in PAH, as BMP receptor 

type II (BMPR2) expression is reduced in IPAH patients, and loss-of-function 

mutations in BMPR2 have been linked to >70 % of HPAH and 10-20 % of IPAH 

cases [27,28]. While BMP signaling regulates hepatic expression of hepcidin, and 

BMP-6 has emerged as the principal BMP regulating hepatic hepcidin expression in 

vivo [29,30], BMPR2 knockdown in HepG2 cells was shown to increase BMP-6 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

 14 

stimulated hepcidin expression [11]. Hence, the impairment of dietary iron absorption 

by dysregulation of hepcidin is likely to account for the inefficacy of oral iron therapy 

in PAH [9]. 

 While oral iron therapy was not able to restore normal ferritin levels in the majority 

of patients in a previous study [9], our results indicate that parenteral iron 

supplementation with ferric carboxymaltose was efficient at restoring iron status 

(serum iron, ferritin, TSAT) in patients with PAH. In fact, normalization of ferritin 

levels was achieved in 19 of the 20 patients (95%) who received ferric 

carboxymaltose at a mean dose of 925 mg. This was associated with a significant 

and clinically meaningful improvement of exercise capacity and QoL. A recent study 

using both distributional and anchor-based methods revealed that the estimated 

minimal clinically important difference in the 6MWD for PAH patients is 33 m [31].The 

net increase of the 6MWD in the present study was 37.8 m, and even exceeded the 

treatment effects of novel targeted PAH therapies (macitentan, riociguat) that were 

observed in recent clinical trials [32,33]. In view of these studies, the improvement of 

the 6MWD in the present study should indeed be judged as clinically meaningful. Our 

findings are consistent with the previous observation that iron deficiency is 

associated with an additional impairment of exercise capacity in PAH patients, and 

furthermore suggest that correction of iron status with ferric carboxymaltose is able to 

reverse this additional decline. Notably, the beneficial effects of ferric carboxymaltose 

were observed in addition to targeted PAH therapy with ERA, PDE5 inhibitors, sGC 

stimulators, TKIs or prostanoids, with more than half of the patients being on 

combination therapy. 

 Consistent with the results of the FAIR-HF and RED-HF studies in patients with 

left heart failure, treatment with intravenous iron was beneficial in both anemic 

patients and those with iron deficiency but normal hemoglobin levels in our study 

(see Figure 3A and B). This suggests that iron deficiency is a suitable target in both 

groups, even though the treatment effect might not be completely independent from 

underlying anemia, since there appeared to be a trend towards a greater benefit in 

anemic patients. Similarly, iron supplementation was advantageous in both patients 

with reduced or preserved right ventricular function (see Figure 3C and D). Our 

results suggest that screening for iron deficiency may be useful in PAH patients and - 

regardless of hemoglobin levels - parenteral iron supplementation may represent an 
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adjunct supportive treatment in iron-deficient patients, in addition to targeted PAH 

therapy.  

A potential concern regarding the concept of iron supplementation in PAH is 

reflected by experimental studies indicating that iron-dependent oxidative stress is 

involved in pulmonary artery smooth muscle cell (PASMC) growth and may thus play 

a role in the development of pulmonary vascular remodeling and PH [34]. Hence, iron 

supplementation may actually promote the progression of PH. However, such data 

are in contrast to several other studies indicating a protective effect of iron, so that 

this issue currently remains a matter of debate. A potential role of iron deficiency in 

the pathobiology of PAH is supported by two recent randomized controlled studies in 

humans, showing that hypoxic PH may be attenuated by iron supplementation, 

whereas it was exacerbated by iron depletion [35]. In addition, a recent elegant 

experimental study demonstrated that targeted deletion of the iron regulating protein 

1 (IRP-1) gene in mice resulted in deceased iron levels and transferrin saturation, 

and this was associated with the development of PH [36]. Mechanistically, this study 

indicated that loss of IRP-1 led to derepression of hypoxia-inducible factor 2 

(HIF2) in pulmonary endothelial cells and in turn caused induction of endothelin-1, a 

key contributor to the pathogenesis of PAH. Since a recent systematic survey has 

shown that human genomes contain at least 20 loss-of-function mutations per 

genome [37], and the loss of IRP-1 is not lethal, it is possible that loss-of-function 

mutations of IRP-1 may account for unexplained PAH in some patients [36]. 

 

Limitations 

 Our data provide proof-of-concept regarding the efficacy and safety of iron 

supplementation with ferric carboxymaltose in a limited number of patients with PAH 

and iron deficiency. It should be acknowledged that this is an uncontrolled open-label 

investigation, yet it is the first study examining the value of intravenous iron 

supplementation in PAH. The results of the intervention group were compared to 

matched controls without iron deficiency, who hence received no iron. While patients 

were matched for hemodynamic impairment and functional class, the 6MWD at 

baseline tended to be lower in the intervention group, as would be expected in iron-

deficient patients [8-11]. Consistent with numerous PAH trials, there was a slight 

decline in exercise capacity in the control group, whereas we observed a marked 

increase of the 6MWD and an improvement of QoL in the intervention group. The 
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number of patients we examined is certainly rather small, but can be considered 

sufficient for a proof-of-concept study. While iron deficiency was defined by 

decreased serum levels of iron and ferritin, and decreased TSAT, we did not 

measure sTfR levels, which may potentially have led to incorrect interpretation of iron 

status in patients with inflammatory diseases. Although sTfR levels might have 

provided useful additional information since they are largely unaffected by 

inflammation and thus represent a more precise marker of body iron stores [38], the 

lack of sTfR measurements should not have influenced our results, particularly since 

we ruled out patients with markedly elevated CRP (>25 mg/l). We administered iron 

as a once-only infusion and reassessed our patients at two months. Since long-term 

observations are lacking, it remains unclear how long the beneficial effects of iron 

supplementation last and after what period an infusion might have to be repeated. 

Reassessment and correction of iron status may become part of the regular follow-up 

of PAH patients, but the long-term benefit and individual need for possible repetitive 

infusions remain to be determined. While the current information is limited, our data 

seem sufficient to support continued investigation of ferric carboxymaltose in larger 

scale studies which are currently under way.  

 

Conclusions 

 This open-label, matched-pairs pilot study shows that intravenous iron 

supplementation with ferric carboxymaltose is well tolerated in iron deficient PAH 

patients and provides significant benefit on exercise capacity and quality of life, when 

given in addition to targeted PAH therapies. These benefits warrant further controlled 

studies to assess the value of iron as supplementary therapy for an extended 

population of PAH patients. 
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Legends 

 

Table 1 Demographics and etiology of pulmonary arterial hypertension in 20 patients 

with iron deficiency (intervention) or without iron deficiency (control). Values 

represent numbers of patients (%) or mean values ± SD. 

 

Table 2 Disease characteristics at baseline and targeted PAH therapy in 20 patients 

with iron deficiency (intervention) or without iron deficiency (control). Values 

represent numbers of patients (%) or mean values ± SEM. 

 

Table 3 Hematology parameters at baseline and follow-up in 20 iron deficient 

patients who received ferric carboxymaltose (intervention) and 20 patients without 

iron deficiency who did not undergo any intervention (control). All values represent 

means ± SEM. 

 

Table 4 Change in echocardiographic parameters from baseline to follow-up in 20 

iron deficient patients who received ferric carboxymaltose (intervention) and 20 

patients without iron deficiency who did not undergo any intervention (control). All 

values represent means ± SEM. 

 

Table 5 Change in cardiopulmonary exercise test parameters from baseline to follow-

up in a subset of 8 iron deficient patients who received ferric carboxymaltose 

(intervention). All values represent means ± SEM. 

 

Figure 1 Improvement of hematology parameters by ferric carboxymaltose. Shown 

are the absolute differences in hemoglobin, mean corpuscular volume (MCV), iron, 

transferrin saturation (TSAT), and ferritin in 20 iron deficient patients who received 

ferric carboxymaltose (intervention) and 20 patients without iron deficiency who did 

not undergo any intervention (control). All values represent means ± SEM. *p<0.001 

(Wilcoxon rank-sum test). 

 

Figure 2 Improvement of exercise capacity and quality of life. (A) Absolute change in 

the 6-minute-walking distance (6MWD) from baseline to week 8 in the control and 

intervention group (p=0.003; Wilcoxon rank-sum test). (B) Change in quality of life 
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(QoL) from baseline to week 8 in the intervention group, as assessed by the SF-36 

(p=0.01; paired samples t-test). 

 

Figure 3 Change in the 6-minute-walking distance (6MWD) and quality of life (QoL) 

at week 8 in relation to baseline haemoglobin levels (≥ or < median) (A and B) and in 

relation to baseline right ventricular function (TAPSE > or ≤ 17 mm) (C and D)  in the 

intervention group. 
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Table 1 Demographics and etiology of pulmonary arterial hypertension in 20 patients with iron 

deficiency (intervention) or without iron deficiency (control). Values represent numbers of patients (%) 

or mean values ± SD. 

 
      Control    Intervention 
 
      n = 20    n = 20 

 
Demographics  
 
Males/females, n (%)    8/12 (40.0/60.0)    6/14 (30.0/70.0) 
 
Age, years      61.9 ± 14.0     61.8 ± 15.9 
 
Mean age at diagnosis, y ears  59.2 ± 14.3    58.4 ± 16.8 
 
Mean time from diagnosis, years 2.7 ± 1.8    3.3 ± 4.1 
 
Weight, kg      78.7 ± 20.7     68.5 ± 15.0 
 
BMI, kg/m

2
     27.6 ± 5.7    25.4 ± 4.9 

 
Aetiology of PAH, n (%) 
 
Idiopathic PAH      13 (65.0)     12 (60.0) 
 
Hereditary PAH     1 (5.0)     1 (5.0) 
 
PAH associated with:        
 
- connective tissue disease    6 (30.0)            4 (20.0) 
 
- congenital heart disease  -      3 (15.0) 
 
 

 
BMI, body mass index; PAH, pulmonary arterial hypertension; SD, standard deviation 
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Table 2 Disease characteristics at baseline and targeted PAH therapy in 20 patients with iron 

deficiency (intervention) or without iron deficiency (control). Values represent numbers of patients (%) 

or mean values ± SEM. 

 
      Control   Intervention  p-value** 
 
      n = 20   n = 20   for interaction 

 
 
PVR,  dyn · s · cm

-5
   682.1 ± 92.3†  618.6 ± 72.8†  p = 0.60 

 
Cardiac output, L · min   4.1 ± 0.2†   4.3 ± 0.3†    p = 0.68 
 
Mean PAP, mmHg    42.6 ± 3.3†   41.9 ± 2.1†    p = 0.88 
 
Mean PAWP, mmHg   11.1 ± 0.8†   11.9 ± 1.0†    p = 0.79 
 
6-minute walk distance, m  389.9 ± 25.3   346.5 ± 28.3   p = 0.27 
 
WHO functional class II, n (%)  7 (35.0)   7 (35.0) 
 
WHO functional class III, n (%)  13 (65.0)   13 (65.0) 
      
Borg dyspnoea score   4.4 ± 0.3    3.8 ± 0.4 
 
NTproBNP, pg · mL‡   1679.4 ± 633.9  915.3 ± 308.9 
 
PAH therapy, n (%) 
 
 ERA monotherapy   -    2 (10.0) 
 
 PDE5i monotherapy  9 (45.0)   4 (20.0) 
 
 sGC stim monotherapy  2 (10.0)   3 (15.0) 
 
 ERA + PDE5i   3 (15.0)   7 (35.0) 
 
 ERA + sGC stim   -    1 (5.0) 
 
 PDE5i + sGC stim   -    1 (5.0) 
 
 ERA + PDE-5i + oProst  2 (10.0)   - 
 
 ERA + PDE-5i + iProst  -    2 (10.0) 
 
 PDE-5i + TKI   1 (5.0)   - 
 
 ERA + PDE-5i + TKI  2 (10.0)   - 
 

 
† n = 19 ** independent samples t-test 
 
‡ Upper reference values are 97.3 pg/mL for patients aged 18 - 44, 121 pg/mL for patients aged 45 - 
54, 198 pg/mL for patients aged 55 - 64, 285 pg/mL for patients aged 65 - 74 and 526 pg/mL for 
patients 75-plus years, respectively 
 
ERA, endothelin receptor antagonists; iProst, inhaled prostanoid; oProst, oral prostanoid; PDE-5i, 
phosphodiesterase type 5 inhibitor; PAP, pulmonary artery pressure; PAWP, pulmonary artery wedge 
pressure; PVR, pulmonary vascular resistance; SEM, standard error of the mean; sGC stim, soluble 
guanylyl cyclase stimulator; TKI, tyrosine kinase inhibitor; WHO, World Health Organization. 
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Table 3 Hematology parameters at baseline and follow-up in 20 iron deficient patients who received 

ferric carboxymaltose (intervention) and 20 patients without iron deficiency who did not undergo any 

intervention (control). All values represent means ± SEM. 

 

  
      Control   Intervention   p-value* 
 
      n = 20   n = 20   for interaction 

  
 
Hemoglobin, g/dL  baseline 14.6 ± 0.4   12.0 ± 0.6   p < 0.001 
 
    follow up 14.4 ± 0.5   13.7 ± 0.6     
 
 
MCV, fL    baseline 87.3 ± 1.0   80.0 ± 1.8   p < 0.001 
 
    follow up 87.4 ± 1.1   85.0 ± 1.5    
 
 
Iron, µmol/L   baseline 12.8 ± 0.8   5.7 ± 0.4   p = 0.001 
 
    follow up 13.1 ± 1.0   11.1 ± 1.1    
 
 
TSAT, %   baseline 19.2 ± 1.3   7.5 ± 0.7   p < 0.001 
 
    follow up 19.8 ± 1.6   19.3 ± 2.3    
 
 
Ferritin, µg/dL  baseline 121.4 ± 23.4   29.3 ± 6.3   p < 0.001 
 
    follow up 111.1 ± 22.5   145.2 ± 25.4    
 

  
* Wilcoxon rank-sum test; MCV, mean corpuscular volume; TSAT, transferrin saturation 
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Table 4 Change in echocardiographic parameters from baseline to follow-up in 20 iron deficient 

patients who received ferric carboxymaltose (intervention) and 20 patients without iron deficiency who 

did not undergo any intervention (control). All values represent means ± SEM. 

 

  
      Control   Intervention   p-value*** 
 
      n = 20   n = 20   for interaction 

  
 
RA area, cm

2
  baseline 22.8 ± 2.0   23.3 ± 2.7   p = 0.69 

 
    follow up 23.9 ± 2.2   24.1 ± 2.8     
 
 
RVEDD, mm   baseline 40.4 ± 1.3   38.7 ± 1.7   p = 0.66 
 
    follow up 42.5 ± 2.0   39.7 ± 1.5    
 
      
∆PmaxTV, mmHg  baseline 56.6 ± 6.0   52.2 ± 6.6   p = 0.60 
 
    follow up 58.2 ± 6.8   56.8 ± 6.3    
 
 
TAPSE, mm   baseline 21.2 ± 0.9   20.4 ± 1.2   p = 0.07 
 
    follow up 20.3 ± 0.8   21.1 ± 1.1    
  

  
*** Wilcoxon rank-sum test; RA area, right atrial area; RVEDD, right ventricular end-diastolic diameter; 
∆PmaxTV, systolic tricuspid valve pressure gradient; TAPSE, tricuspid annular plane systolic excursion 
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Table 5  Change in cardiopulmonary exercise test parameters from baseline to follow-up in a subset of 

8 iron deficient patients who received ferric carboxymaltose (intervention).. All values represent means 

± SEM.  

  
      Intervention   p-value* 
 
      n = 8      

  
 
PeakVO2, ml/min  baseline 900.0 ± 124.5  p = 0.55 
 
    follow up 926.3 ± 98.0   (26.2 ± 42.2)   
 
 
AT, ml/min    baseline 647.0 ± 70.0   p = 0.03* 
 
    follow up 747.1 ± 93.4   (100.1 ± 37.0) 
 
peak O2 pulse, ml/beat  baseline 8.9 ± 1.2   p = 0.14 
 
    follow up 9.5 ± 1.3   (0.66 ± 0.37) 
 
 
VE/VO2@AT, ml/min baseline 33.8 ± 5.1   p = 0.44 
 
    follow up 32.7 ± 4.5   (-1.1 ± 1.29) 
 
 
     
VE/VCO2@AT  baseline 39.5 ± 5.0   p = 0.31 
 
    follow up 38.6 ± 5.1   (-0.9 ± 0.8) 
 
 
PETCO2@AT, mmHg baseline 30.4 ± 3.5   p = 0.16 
 
    follow up 31.6 ± 3.8   (1.1 ± 0.7) 
 

  
* paired samples t-test; AT, anaerobic threshold; PeakVO2,peak oxygen uptake ; PETCO2@AT,end-
tidal CO2 partial pressure at the AT ; VE/VCO2@AT, ventilatory efficiency at the AT 
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Figure 3 


