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Abstract

Various erythropoietic abnormalities are highly prevalent among patients with

pulmonary arterial hypertension (PAH) and associated with worse disease

severity. Given the poorly understood yet important roles of dysregulated

erythropoiesis and iron metabolism in PAH, we sought to further characterize

the hematologic and iron profiles in PAH and their relationship to PAH

severity. We recruited 67 patients with PAH and 13 healthy controls.

Hemodynamics attained within 1 year of blood sample collection were

available for 36 patients. Multiple hematologic, iron, and inflammatory

parameters were evaluated for their association with hemodynamics. The

subset with hemodynamic data consisted of 29 females (81%). The most

common etiologies were idiopathic PAH (47%) and connective tissue disease‐
related PAH (33%). 19 (53%) had functional class 3 or 4 symptomatology, and

12 (33%) were on triple pulmonary vasodilator therapy. Immature reticulocyte

fraction (IRF) had significant positive correlations with mean pulmonary

artery (PA) pressure (mPAP) (0.59, p< 0.001), pulmonary vascular resistance

(0.52, p= 0.001), and right atrial pressure (0.46, p= 0.005), and significant

negative correlations with cardiac index (−0.43, p= 0.009), PA compliance

(PAC) (−0.60, p< 0.001), stroke volume index (SVI) (−0.57, p< 0.001), and

mixed venous oxygen saturation (−0.51, p= 0.003). IRF correlated with

markers of iron deficiency (ID) and erythropoiesis. On multivariable linear

regression, IRF was associated with elevated mPAP and reduced SVI and PAC

independent of EPO levels, transferrin saturation, and soluble transferrin

receptor levels. We identified IRF as a novel and potent biomarker of PAH

hemodynamic severity, possibly related to its associations with erythropoiesis,

ID, and tissue hypoxia.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is characterized
by progressive pulmonary vascular remodeling, with a
natural course that leads to right ventricular failure and
premature death.1,2 Multiple hematologic abnormalities,3

particularly iron deficiency (ID) and increased red blood
cell distribution width (RDW), have been identified in
patients with PAH and are associated with worse
outcomes. Iron is an essential trace mineral that plays
critical roles in systemic oxygen delivery and normal
cellular function.4 ID is highly prevalent among patients
with PAH5–10 and is associated with disease severity and
increased mortality among patients with idiopathic
PAH5–7,9 and systemic sclerosis associated PAH,10

regardless of the presence of anemia. Similar results
have been demonstrated in patients with pulmonary
hypertension (PH) secondary to chronic lung disease
(Group 3 PH)11 and in left ventricular failure (Group
2 PH).12,13 Increased RDW has also been found to be
associated with the development of PH in patients with
high‐risk conditions, such as connective tissue disease
(CTD) and chronic lung disease, and with worse
outcomes among those who do develop PH.3,14–19

Despite the significant associations between these
hematologic parameters and PH severity, the patho-
physiologic mechanisms linking iron metabolism and
dysregulated erythropoiesis to PH pathogenesis remain
poorly understood. While ID occurs as a consequence of
PH due to inflammation, decreased gut iron absorption,
and potentially altered Bone Morphogenetic Protein
signaling,20 ID itself has been shown to directly contrib-
ute to pulmonary vasculopathy.21,22 In a transgenic
mouse model characterized by polycythemia and associ-
ated increased iron utilization, the resulting ID leads to
the development of PH through increased levels of
hypoxia inducible factor (HIF)‐2α and endothelin‐1,23 a
potent vasoconstrictor.24 A second murine study found
that rats with ID spontaneously develop PH in associa-
tion with increased HIF‐2α levels,22 and iron supple-
mentation is able to reverse these pathologic pulmonary
vascular remodeling changes.

RDW, a measure of the variation of erythrocyte size
and volume, has also been linked to adverse outcomes in
PH and heart failure.14,17,18,25,26 It is hypothesized that
RDW serves as an integrative measure of multiple
processes that could contribute to worse outcomes,
including inflammation, nutritional deficiency, and
dysfunctional erythropoiesis.17 The existing literature

shows mixed data about the correlation between PAH
and RDW values. One study found a significant correla-
tion between hemodynamic severity and elevated RDW
in Group I PAH,27 but other larger studies have failed to
replicate these findings.14,17 Outside of Group 1 patients,
RDW has been linked to hemodynamic severity in a
mixed cohort of PH patients, showing a stronger
correlation of RDW with precapillary PH as compared
to those with combined pre‐ and postcapillary PH or with
purely postcapillary PH.18 In Group 4 PH patients, i.e.
those with chronic thromboembolic PH, RDW values
were significantly higher than healthy controls (HCs)
and correlated with pulmonary vascular resistance (PVR)
and cardiac index (CI).28

Given the significant relationship between PAH and
ID, The European Society of Cardiology/European
Respiratory Society (ESC/ERS) guidelines recommend
regular monitoring of iron status in PAH patients and
repletion in those with severe ID anemia.29 While
preliminary studies demonstrated an improvement in
6‐min walk distance30,31 and markers of right ventricular
function31 with oral iron repletion, and in exercise
endurance, diffusion capacity for carbon monoxide
(DLCO),32 and quality of life with intravenous iron
repletion in ID PAH patients,6,33 a recent randomized,
double‐blind, placebo‐controlled trial failed to demon-
strate clinical benefit.34 The lack of a standardized
diagnostic method for diagnosing ID in PAH20 may
contribute to these mixed outcomes after iron repletion
in PH. An important distinction between absolute ID and
functional ID is the presence of chronic inflammation,20

which upregulates ferritin levels and leads to the
retention of iron in the mononuclear phagocyte system,
thereby limiting its availability for erythropoiesis despite
increased storage levels.9 In addition, transferrin is a
reverse acute phase reactant, thus its decrease during
chronic inflammation may contribute to a falsely
elevated transferrin saturation (TSAT).35,36 These limita-
tions on the clinical use of traditional iron status
parameters necessitate more specific biomarkers that
reflect iron and erythropoietic dysregulation in PAH
patients. We therefore sought to evaluate the relationship
between different markers of ID and erythropoiesis, and
PAH hemodynamic severity. In addition to the more
commonly referenced hematologic parameters of RDW,
erythropoietin (EPO), TSAT, and soluble transferrin
receptor (sTfR), we examined the immature reticulocyte
fraction (IRF) as a marker of accelerated erythropoiesis.
In a cohort of Group 1 patients, our study has identified
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the IRF as a novel biomarker of hemodynamic severity
in PAH.

METHODS

Patient selection

We recruited 67 patients with PAH and 13 HC for
participation. Our HC population included participants
without any known chronic pulmonary disease, cardio-
myopathy, or renal dysfunction. Contemporaneous
hemodynamic data was defined as hemodynamics
attained within 1 year of blood sample collection.
Patients were diagnosed with Group I PAH via right
heart catheterization (RHC) according to published
guidelines29,37 using a pulmonary artery (PA) catheter.
Hemodynamics, including right atrial pressure (RAP),
PA pressure, and pulmonary arterial wedge pressure
(PAWP) were recorded. Blood was drawn from the distal
port of the PA catheter for measurement of mixed venous
oxygen saturation (SvO2). At least three thermodilution
measurements were performed with injection of 10mL of
saline into the proximal port, and values were averaged
to determine cardiac output and CI. PA compliance
(PAC) was calculated as stroke volume/(PA systolic
pressure—PA diastolic pressure). Stroke volume index
(SVI) was calculated as stroke volume/body surface area.

PAH was defined as a mean PA pressure (MPAP) >
20mmHg, PAWP ≤ 15mmHg, and PVR ≥ 2 Wood units
(WU).29 Demographics, baseline clinical characteristics,
hemodynamics, and contemporaneous transthoracic
echocardiogram and spirometry data were collected.
Patients were stratified into ID and non‐ID groups. For
PAH patients, we applied the 2022 ESC/ERS definition of
ID for PH patients,29 which is widely used for both PH
and heart failure patients: Ferritin < 100mcg/L OR
<300mcg/L and TSAT< 20%.38,39 For our non‐PAH
controls, we applied the WHO definition of ID (ferritin <
15mcg/L for noninflamed individuals and ferritin < 70
mcg/L for inflamed individuals).40 Anemia was defined
by hemoglobin levels below 12 g/dL for women and
below 13 g/dL for men. This study was approved by the
UCLA Institutional Review Board (IRB# 12‐000738).

Patient samples

Blood samples were collected between 02/2020 and 07/
2023 from peripheral vein draw or from the introducer
sheath. After collection, samples were sent to the UCLA
RRUMC clinical laboratory for the following laboratory
indices: Complete Blood Count (CBC), RBC indices

[including Mean Corpuscular Volume (MCV) (femtoliters),
RDW‐coefficient of variation (RDW‐CV) (%)[calculated as
standard deviation (SD) of MCV/MCV multiplied by 100],
Mean Corpuscular Hemoglobin (picograms/cell), and
Mean Corpuscular Hemoglobin Concentration (g/dL)],
Reticulocyte Count (% Reticulocytes * [Hematocrit/45]),
IRF (%), Ferritin (ng/mL), Iron (mcg/dL), Total Iron‐
Binding Capacity (mcg/dL), sTfr (mg/L), EPO (mU/mL),
C‐reactive protein (CRP) (mg/dL), and B‐Type Natriuretic
Peptide (pg/mL). IRF was calculated using the Sysmex
XN‐10™ Automated Hematology Analyzer (Sysmex Cor-
poration). In brief, fluorescent probes against RNA are
used to group reticulocytes into low, medium, or high‐
fluorescence fractions. As less mature reticulocytes have
higher quantities of RNA (and thus fluorescence) than
mature reticulocytes, the medium and high‐fluorescence
fractions are added together to calculate the IRF.

A separate set of blood samples were sent to the
research laboratory for analysis. Blood samples for serum
analysis were collected into plain tubes, centrifuged
within 90min of collection at 1500 g, aliquoted as 2
×0.5 mL aliquots, and stored at −80°C. Serum hepcidin
was measured using the Intrinsic Hepcidin IDx™ELISA
kit as per manufacturer's instructions (Intrinsic
LifeSciences).

Statistics

Descriptive statistics are reported as median (25%–75%
interquartile range [IQR]) for non‐normally distributed
data and mean ± SD for normally distributed data.
Intergroup comparisons for continuous variables were
performed using either a paired t‐test or Wilcoxon rank‐
sum test when appropriate. Categorical data were
compared with chi‐square or Fischer's exact test when
appropriate. Correlation coefficients were calculated by
the Spearman rank test. Multivariable linear regression
was conducted to assess the relationships among various
laboratory parameters and hemodynamics. Two‐sided
p‐values < 0.05 were considered statistically significant.
Statistical analysis was performed using R version 4.2.1
(The R Foundation for Statistical Computing).

RESULTS

Clinical characteristics and hematologic
parameters in PAH versus HCs

Table 1 depicts the clinical characteristics of the total PAH
cohort (N= 67) and HCs (N= 13). The PAH patients had
primarily idiopathic (52%) and CTD‐related PAH (28%).
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TABLE 1 Clinical characteristics and hematologic parameters in the total PAH cohort and healthy controls.

Clinical parameter PAH N= 67
Healthy
controls N= 13 p‐Value

Age 56 ± 16 42 ± 15 0.008

Female (%) 57 (85%) 7 (54%) 0.02

Race

White (%) 29 (43.3%) ‐

Hispanic (%) 21 (31.3%) ‐

Black (%) 10 (14.9%) ‐

Asian (%) 2 (3.0%) ‐

Other (%) 5 (7.5%) ‐

Etiology

Idiopathic (%) 35 (52.2%) ‐

CTD (%) 19 (28.4%) ‐

Disease characteristics

WHO class 3/4 (%) 36 (54%) ‐

BNP 66 (43–250) ‐

Triple therapy (%) 27 (40%) ‐

ID and RBC parameters

Hemoglobin (g/dL) 12.8 (11.4–13.9) 14.2 (13.3–14.7) 0.016

Iron deficienta 32 (48%) 1 (8%) 0.011

Anemic 39 (58%) 1 (8%) 0.001

MCV (fL) 89.9 ± 6.6 89.9 ± 4.0 0.957

Ferritin (ng/mL) 49 (24–116) 76 (32–211) 0.365

Serum iron (mcg/dL) 57 (44‐85) 87 (71–107) 0.01

Transferrin saturation (%) 20.0 (13.4‐25.8) 25.8 (22.3–35.5) 0.03

Soluble transferrin receptor (mg/L) 2.09 (1.88–2.57) 1.82 (1.74–2.01) 0.026

Soluble transferrin receptor index 1.23 (0.98–1.88) 0.93 (0.74–1.25) 0.07

Reticulocyte index 1.63 (1.38–2.16) 1.41 (1.07–1.62) 0.03

Reticulocyte hemoglobin content (pg/cell) 32.9 (30.1–35.0) 35.7 (34.7–36.5) 0.007

Serum hepcidin (ng/mL) 27.9 (13.5–46.0) 66.6 (36.0–80.4) 0.02

Serum EPO (mU/mL) 20.3 (12.6–26.3) 8.7 (7.6–9.0) <0.001

Immature reticulocyte fraction (%) 12.4 (9.8–17.7) 6.1 (5.4–9.1) <0.001

RDW‐CV (%) 13.8 (13.2–15.2) 12.4 (12.3–13.3) 0.0001

C‐reactive protein (mg/L) 0.4 (0.3–1.1) 0.3 (0.3–0.4) 0.005

Note: Data are presented as median (interquartile range). Bold values are statistically significant.

Abbreviations: BNP, brain natriuretic peptide; CTD, connective tissue disease; EPO, erythropoietin; MCV, mean corpuscular volume; PAH, pulmonary arterial
hypertension; RDW‐CV, red cell distribution width coefficient of variation; WHO, World Health Organization.
aThe common definition of iron deficiency in heart failure patients (ferritin < 100mcg/L or < 300mcg/L and TSAT< 20%)38,39 was applied to the PAH cohort,
while the WHO definition of iron deficiency was applied to the healthy control cohort (ferritin < 15mcg/L for noninflamed individuals and ferritin < 70mcg/L
for inflamed individuals).40
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The 54% had World Health Organization (WHO) func-
tional class 3 or 4 symptomatology, with 40% on triple
vasodilator therapy. The PAH cohort was significantly
older (56 vs. 42 years, p= 0.008) and more likely to be
female (85% vs. 54%, p= 0.02) than HCs. The PAH cohort
had lower hemoglobin levels and was more likely to be
anemic (58% vs. 8%, p= 0.001). Using the common
definition of ID in heart failure (ferritin < 100mcg/L or
< 300mcg/L and TSAT< 20%)38,39 and the WHO defini-
tion of ID (ferritin < 15mcg/L for non‐inflamed indivi-
duals and ferritin <70mcg/L for inflamed individuals)40

for the PAH and HC cohorts, respectively, the PAH cohort
had markedly higher rates of ID (48% vs. 8%, p= 0.01).
Accordingly, our PAH group had significantly lower
serum iron and TSAT, and higher sTfR levels. Serum
ferritin was not significantly different between PAH and
HC subjects. Ferritin does not accurately reflect ID in the
presence of inflammation, and consistent with previous
PAH literature,41,42 our PAH cohort had mildly increased
inflammation as demonstrated by higher CRP levels than
our HC cohort (0.4 vs. 0.3mg/L, p= 0.005).

Our PAH cohort also demonstrated enhanced ery-
thropoietic drive with higher serum EPO (20.3 vs.
8.7 mU/mL, p< 0.001) and higher parameters of
immature erythrocytes (reticulocyte index, IRF, and
RDW‐CV). The iron‐regulatory hormone hepcidin,43

whose production is suppressed by ID and erythropoietic
activity, but increased by inflammation, was decreased in
our PAH patients (27.9 vs. 66.6 ng/mL, p= 0.02), reflect-
ing the dominant effect of ID and erythropoietic activity
on hepcidin in these patients.

Clinical characteristics of PAH patients
with contemporaneous hemodynamics

Table 2 depicts the clinical characteristics of the subset of
PAH patients with contemporaneous hemodynamic data
(N= 36), both the total cohort and separated by ID status.
This subset consisted of 29 females (81%) diagnosed
with PAH a median of 1107 days (502–2086 days) before
study enrollment. The mean age was 56‐year‐old, and ID
patients were significantly younger than non‐ID patients
(52 vs. 67 years, p= 0.009). The most common etiologies
were idiopathic PAH (47%) and CTD‐related PAH (33%).
19 (53%) had WHO functional class 3 or 4 symptomatol-
ogy, and 12 (33%) were on triple PH therapy. Four
patients were receiving oral iron supplementation at the
time of sample collection. The median brain natriuretic
peptide (BNP), hemodynamics, and 6‐min walk distance
were not significantly different between ID and non‐ID
cohorts. However, the echocardiographic parameter of

tricuspid annular plane systolic excursion (TAPSE) was
significantly decreased in ID versus non‐ID PAH patients
(18.9 vs. 24.0 mm, p= 0.048).

IRF is a potent biomarker of
hemodynamic status in PAH

IRF showed positive correlations with mPAP, PVR, and
RAP, and inverse correlations with CI, PAC, and SVI
(Figure 1a–f). Notably, IRF also had a significant negative
correlation with SvO2, a marker of cardiac function as
reflected by tissue hypoxia44 (Figure 1g). As IRF levels
correlate with ID,45–47 we evaluated whether IRF main-
tained its correlations with hemodynamic variables when
divided into ID and non‐ID cohorts. We found that the
correlation between IRF and hemodynamics remained
significant in the ID cohort for all variables (Supporting
Information S5: Table S1) but only for PVR in the non‐ID
cohort. This loss of significant correlation could be
secondary to the small size of the non‐ID group (N= 10)
as a result of the inclusive definition used for ID. However,
using an alternative proposed definition of ID in PAH,
namely, sTfR index >3.2 if CRP< 0.5mg/dL or >2 if
CRP> 0.5mg/dL,9 the correlations between IRF and
mPAP, PVR, CI, PAC, SVI, and RAP remained significant
in non‐ID patients (N= 28) (Figure S1). Furthermore,
using another definition of non‐ID as TSAT> 20%,48,49 we
found the correlations between IRF and mPAP, PVR, CI,
PAC, SVI, and RAP remained significant (Figure S2).
Together, these data show that IRF is a potent biomarker
of hemodynamic severity in PAH, and that its predictive
value persists even in non‐ID patients.

IRF outperforms other erythropoietic and
ID biomarkers of hemodynamics status
in PAH

Prior studies have established a relationship between
PAH outcomes and EPO,50 RDW,14–19 and ID parameters
(TSAT, sTfR).5–7 We therefore compared the strength of
the relationship between these parameters and PAH
hemodynamics with that of IRF (Table 3). There was a
significant correlation between serum EPO and all
hemodynamic variables, while TSAT and sTfR were only
significantly correlated with a subset of hemodynamic
parameters. There was no significant correlation between
RDW‐CV and any hemodynamic variable. In total, our
PAH cohort with contemporaneous hemodynamic data
showed stronger correlations with IRF for every hemo-
dynamic parameter as compared to EPO, sTfR, TSAT, or
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RDW. As expected, we also observed significant correla-
tions between BNP and hemodynamic variables.29

We subsequently performed multivariable linear
regression that included IRF, EPO, sTfR, TSAT, and
BNP (Table 4). On multivariable analysis, the relation-
ships between IRF and mPAP, SVI, and PAC remained

significant. In contrast, the relationships between TSAT,
sTfR, and EPO with hemodynamic severity failed to
remain significant for any hemodynamic variable. These
results indicate that IRF performed better as an
independent marker of hemodynamic severity than
TSAT, sTfR, or EPO. Furthermore, IRF appeared to add

TABLE 2 Clinical characteristics of PAH patients with contemporaneous hemodynamics.

Clinical characteristics
Total cohort
N= 36

Iron deficient
N= 26

Non‐iron deficient
N= 10 p‐Value

Age − mean ± SD 56 ± 16 52 ± 16 67 ± 13 0.009

Female (%) 29 (81%) 21 (81%) 8 (80%) 1.0

Disease duration (days) 1107 (502–2086) 714 (499–2304) 1287 (765–1884) 0.62

Race

White (%) 13 (36.1%) 7 (27%) 6 (60%) 0.144

Hispanic (%) 15 (41.7%) 13 (50%) 2 (20%) 0.209

Black (%) 6 (16.7%) 6 (21.4%) 0 0.157

Asian (%) 1 (2.8%) 0 1 (10%) 0.278

Other (%) 1 (2.8%) 0 1 (10%) 0.278

Etiology

Idiopathic (%) 17 (47.2%) 11 (42.3%) 6 (60%) 0.560

CTD (%) 12 (33.4%) 8 (30.7%) 4 (40%) 0.888

Oral iron supplementation 4 (11.1%) 3 (11.5%) 1 (10%) 1.0

Disease characteristics

WHO class 3/4 (%) 19 (53%) 13 (50%) 6 (60%) 0.863

Triple therapy (%) 12 (33%) 10 (38%) 2 (20%) 0.512

PDE5 inhibitor 28 (78%) 20 (77%) 8 (80%) 0.807

ERA 22 (61%) 15 (58%) 7 (70%) 0.706

Parenteral prostacyclin therapy 10 (28%) 6 (23%) 4 (40%) 0.413

BNP (pg/mL) 66 (43–276) 54 (42–217) 124 (52–581) 0.326

RAP (mmHg) 8 (4–11) 8 (4–12) 7 (3–9) 0.385

mPAP (mmHg) − mean ± SD 46 ± 15 44 ± 15 50 ± 17 0.362

PAWP (mmHg) − mean ± SD 10 ± 3 10 ± 4 9 ± 3 0.337

PVR (Wood Units) 7.9 (4.0–12.1) 8.7 (3.9–11.6) 7.0 (5.3–12.2) 0.931

Cardiac Index (L/min/m2) 2.4 (1.8–3.0) 2.3 (1.8–2.9) 2.6 (2.0–3.3) 0.323

Pulmonary artery compliance (mL/mm Hg) 1.51 (0.80–2.44) 1.62 (0.87–2.68) 1.33 (0.77–1.79) 0.413

Stroke volume index (mL/m2) 30.9 (22.8–40.2) 28.2 (21.8–40.6) 35.9 (25.5–39.5) 0.577

TAPSE (mm) – mean ± SD 20.3 ± 5.8 18.9 ± 5.3 24.0 ± 5.6 0.048

DLCO (% predicted) – mean ± SD 58.8 ± 24.8 62.8 ± 24.2 50.5 ± 25.1 0.215

6‐MWD (m) – mean ± SD 359 ± 144 369 ± 139 332 ± 164 0.585

Note: Data are presented as median (interquartile range), unless otherwise stated. Bold values are statistically significant.

Abbreviations: 6‐MWD, 6‐min walk distance; BNP, brain natriuretic peptide; CTD, connective tissue disease; DLCO, diffusion capacity for carbon monoxide; ERA,
endothelin receptor antagonist; mPAP, mean pulmonary artery pressure; PDE5, phosphodiesterase‐5, PAWP, pulmonary arterial wedge pressure; PVR, pulmonary
vascular resistance; RAP, right atrial pressure; SD, standard deviation; TAPSE, tricuspid annular plane systolic excursion; WHO, World Health Organization.

6 of 16 | BROWNSTEIN ET AL.



FIGURE 1 (See caption on next page).
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additional predictive value beyond that provided by BNP
for certain hemodynamic variables, particularly for
SVI (R2 values shown in Supporting Information S5:
Table S2).

IRF is a marker of erythropoietic drive, ID,
and tissue hypoxia in PAH

To elucidate the pathophysiologic processes that lead to
the predictive value of IRF in PAH hemodynamics, we
examined the potential upstream contributors to higher
IRF values. Because IRF51,52 is increased in states of
accelerated erythropoiesis, we evaluated its relationship
with other parameters that reflect increased erythropoie-
tic drive and activity during stress states. We found a
robust correlation with serum EPO in the PAH cohort
(0.68, p< 0.001), (Figure 2a) as well as a significant
correlation with RDW‐CV (0.39, p= 0.001) (Figure 2b).
As EPO production is primarily regulated by hypoxia and
ID,53,54 we then characterized the relationships between
IRF and parameters of hypoxia and ID. SvO2, which is a
measure of tissue hypoxia and oxygen uptake, showed a
stronger correlation with IRF than with EPO (Table 3,
Figure 1g). Figure 2c−e show the significant correlations
between IRF and markers of ID, including TSAT (−0.40,
p< 0.001), sTfR (0.38, p= 0.002), and serum iron levels
(−0.33, p= 0.006).

As EPO activity in erythropoiesis occurs primarily in
the bone marrow in early erythropoiesis, promoting
proerythroid proliferation and lineage erythroid differen-
tiation,55 we hypothesized that our patients' increased
IRF levels were a reflection of increased immature
reticulocytes rather than of decreased mature reticulo-
cytes. As expected, we found a significantly elevated
absolute immature reticulocyte count (Figure S3A) in the
PAH cohort compared to HC (9.9 vs. 4.9 cells/mL,
p< 0.001), and no statistically significant difference in
the absolute mature reticulocyte count between the two
cohorts (73 vs. 66 cells/mL, p= 0.16), (Figure S3B). These
results demonstrate that there are increases in both IRF
and absolute immature reticulocyte count in PAH
compared to HC and that these changes are correlated
with increased EPO levels as influenced by hypoxia and
ID. However, in relatively iron replete PAH patients
(TSAT > 20%), there was no significant relationship

between IRF and SvO2, suggesting that the effects of
tissue hypoxia on IRF are mediated by iron status and
decreased oxygen‐carrying capacity (Figure S2G).

In our PAH cohort, hepcidin levels correlated
negatively with IRF (−0.26, p= 0.048) (Figure 2f), likely
reflecting the downregulation of hepcidin that occurs
with ID, hypoxia, and erythropoiesis. Accordingly, we
found significant correlations between hepcidin levels
and TSAT (0.53, p< 0.001), ferritin (0.49, p< 0.001), and
sTfR (−0.42, p< 0.001) (Figure S4A−C). As hepcidin is
upregulated by IL‐6‐mediated inflammation, we also
examined the potential correlations between CRP and
IRF, and CRP and hepcidin (data not shown), and found
no significant correlations. While these data may indicate
a more significant contribution of ID than inflammation
to hepcidin regulation in PAH, we are limited by the use
of CRP, which is a surrogate and less sensitive marker of
IL‐6 activity. In addition, these decreased hepcidin levels
may actually be inappropriately elevated for the degree
of ID.56

DISCUSSION

In our retrospective single‐center study of a cohort of 36
Group I PAH patients, we found that IRF was
consistently correlated with worse hemodynamics,
including RAP, mPAP, PVR, CI, PAC, SVI, and SvO2,
and that these correlations were more robust than those
with other common erythropoietic or iron measure-
ments. Of these hemodynamic parameters, RAP, CI, SVI,
and SvO2 are the four parameters that the ESC/ERS
guidelines recommend for risk stratifying patients with
PAH,29 and lower PAC has recently been demonstrated
to be significantly associated with worse survival in PH.57

Our multivariable analysis also showed that IRF was
the only marker that significantly correlated with SVI,
which was found in a large study of PAH patients
to be independently associated with death or lung
transplantation.58

IRF is the ratio of immature reticulocytes to total
reticulocytes in peripheral blood, and is measured by the
use of flow cytometry to quantify RNA content in
reticulocytes.51 The clinical applications of this lab value
have not been clearly established, but it can serve as an
early and sensitive marker of erythropoiesis.52 Both IRF

FIGURE 1 Correlation of immature reticulocyte fraction (IRF) with hemodynamic variables in pulmonary arterial hypertension (PAH):
(a) mean pulmonary artery pressure (mPAP), (b) pulmonary vascular resistance (PVR), (c) cardiac index (CI), (d) pulmonary arterial
compliance (PAC), (e) right atrial pressure (RAP), (f) stroke volume index (SVI), (g) mixed venous oxygen saturation (SvO2). Spearman
correlation coefficients are depicted with 95% confidence intervals.
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and the absolute reticulocyte count are measures of
erythropoiesis, but IRF likely represents an index of
acceleration of erythropoiesis while the reticulocyte
count is a quantitative measure of the resulting effective
erythropoiesis.52 The relationship between IRF and
reticulocyte count can also be used to help distinguish
between various types of anemias,51,52,59–61 for example,
elevated IRF with subnormal or normal reticulocyte
index can be seen with ID anemia or myelodysplastic
syndrome.51 Elevated IRF has previously been identified
in a non‐anemic cohort of patients with unspecified
pulmonary and cardiac disease compared to healthy
outpatients.62 Additionally, in a population of males with
obstructive sleep apnea, IRF was positively correlated
with lowest nocturnal oxyhemoglobin saturation.63 Thus,
the associations of IRF with chronic pulmonary disease
and hypoxia have been previously noted although not
well characterized.

In our study, we found a notably robust correlation
between IRF and serum EPO levels, which is not
altogether surprising as EPO exerts its effect in the bone
marrow by binding to erythroid progenitor cells,53,64

leading to their proliferation and differentiation. EPO
production, which occurs primarily in peritubular intersti-
tial cells in the kidney, is tightly regulated by HIF2α
transcription factor. The levels of HIF2α are regulated by
oxygen and iron, both of which promote prolyl
hydroxylase‐mediated hydroxylation of HIF2α and its
degradation.53 In response to cellular hypoxia and/or ID,
which can result from decreased renal perfusion or overt
hypoxemia,20,65 the HIF complex is stabilized and binds to
the hypoxia response element in the EPO promoter,
potentiating EPO transcription. However, ID has complex
effects on EPO production because cellular ID in the
kidney can also downregulate the translation of HIF2α via
IRP1 activity, consequently blunting EPO overproduction
in the setting of ID. Nevertheless, ID is associated with
increased EPO despite any potential minor blunting effects
of ID on HIF2α production in the kidney. Furthermore, ID
may affect PAH independently of its effect on EPO
production, possibly by affecting the function of endothe-
lial or smooth muscle cells.21,22 One human study showed
that intravenous iron resulted in a 40% reduction in acute
hypoxic PH, and phlebotomy‐induced ID resulted in a 25%
increase in PASP in chronic mountain sickness, demon-
strating the interplay of hypoxia, ID, and PH.66 Multiple
studies have previously shown that PAH patients have
elevated EPO levels,5,50 but its role in PAH is not well
understood. EPO is also active in the mobilization of
endothelial progenitor cells from the bone marrow that
may ameliorate pathologic pulmonary vascular remodel-
ing67,68 or contribute to disease pathogenesis.69–71 Thus,
EPO levels in PAH patients could be a marker of diseaseT
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FIGURE 2 Correlation of Immature reticulocyte fraction (IRF) with markers of erythropoietic drive, iron deficiency, and inflammation
in pulmonary arterial hypertension: (a) log erythropoietin (EPO), (b) red cell distribution width coefficient of variation (RDW‐CV),
(c) transferrin saturation (TSAT), (d) soluble transferrin receptor (sTfR), (e) serum iron, (f) serum hepcidin. Spearman correlation
coefficients are depicted with 95% confidence intervals.
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related to upstream or downstream effects, and/or could
have a pathogenic role.

The correlations between IRF and EPO suggest that
IRF is also a downstream marker of ID and/or hypoxia.
Accordingly, our study showed significant correlations
between IRF and established measures of ID (sTfR,
serum iron, TSAT), which also confirmed the observa-
tions of other studies that showed increased IRF in
ID.45–47 sTfR, TSAT, and ferritin are widely accepted
parameters of iron status during both homeostasis and
disease, but IRF may more accurately reflect the complex
interplay among inflammation, hypoxia, iron status,
pulmonary vasoconstriction, and altered erythropoiesis
that characterizes PAH.20 Similarly, our study showed
that SvO2, a measure of tissue hypoxia that has been
shown to be correlated with PAH outcomes,72 has a
significant correlation with IRF in our cohort. Systemic
and/or tissue hypoxia are well‐characterized features of
PAH, which can be related to decreased cardiac function,
high rates of nocturnal hypoxemia,73,74 and/or ID.
Importantly, we found that IRF had significantly

stronger correlations with all hemodynamic parameters
than did EPO, suggesting that IRF reflects physiologic
processes in PAH beyond those that are directly related
to EPO activity. For instance, other HIF‐inducible factors
that affect bone marrow progenitor cells, such as
hepatocyte growth factor and stem cell factor, have been
shown to be elevated in PAH.75

In summary, we have identified the IRF as a novel
and robust biomarker of hemodynamic outcomes in PAH
patients that outperforms the other established markers
of hematologic, iron, and oxygen status. Our data suggest
that IRF is an integrative and functional biomarker of
erythropoietic drive as regulated by ID and hypoxia in
PAH (Figure 3). Further prospective studies are neces-
sary to determine the clinical utility of IRF in predicting
the progression to severe disease in PAH, as well as its
potential utility as a biomarker in other PH groups.
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