
RESEARCH ARTICLE

Relationship of Iron Deficiency and Serum

Ferritin Levels with Pulmonary Hypertension:

The Jackson Heart Study

Matthew Jankowich1,2*, Beth Elston3, Samuel K. Evans2, Wen-Chih Wu1,2,

Gaurav Choudhary1,2

1 Vascular Research Laboratory, Providence VA Medical Center, Providence, RI, United States of America,

2 Department of Medicine, Alpert Medical School of Brown University, Providence, RI, United States of

America, 3 Center for Public Health and Clinical Epidemiology, Brown University, Providence, RI, United

States of America

* matthew_jankowich@brown.edu

Abstract

Purpose

Iron deficiency is prevalent in idiopathic pulmonary arterial hypertension (IPAH), but whether

iron deficiency or ferritin levels are associated with pulmonary hypertension (PH) in the gen-

eral population is unknown.

Methods

We performed a cross-sectional analysis of data on iron deficiency (exposure), and PH (pul-

monary artery systolic pressure>40mmHg on echocardiogram) (outcome) on subjects with

complete data on exposures and outcomes as well as covariates (n = 2,800) enrolled in the

Jackson Heart Study, a longitudinal prospective observational cohort study of heart disease

in African-Americans from Jackson, Mississippi. Iron deficiency was defined as a serum ferri-

tin level < 15ng/mL (females); < 30ng/mL (males). We determined crude prevalence ratios

(PRs) for PH in iron deficient versus non-iron deficient groups using modified Poisson regres-

sion modeling. We also analyzed the prevalence of PH by sex-specific quartiles of ferritin

(Females� 47ng/mL; > 47ng/mL– 95ng/mL; > 95ng/mL– 171ng/mL; > 171ng/mL; Males�

110ng/mL; > 110ng/mL– 182ng/mL; > 182ng/mL– 294ng/mL; > 294ng/mL), using the same

modeling technique with the lowest quartile as the referent.

Results

Median pulmonary artery systolic pressure was 27mmHg (interquartile range 23-31mmHg)

in the study cohort. 147 subjects (5.2%) had PH and 140 (5.0%) had iron deficiency. How-

ever, of the 147 subjects with PH, only 4 were also iron deficient. The crude PH PR was 0.5

(95% CI 0.2–1.4) in iron-deficiency compared to non-deficient. In analysis by quartiles of fer-

ritin, adjusting for age and sex, there was no evidence of association with PH in quartiles 2

(PR 1.1, 95% CI 0.7–1.6), 3 (PR 0.8, 95% CI 0.5–1.3), or 4 (PR 0.8, 95% CI 0.5–1.2) com-

pared with quartile 1 (referent group, PR 1). Further analyses of the relationship between
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PH and ferritin as a log-transformed continuous variable or by quartiles of serum iron

showed similar results.

Conclusions

In the Jackson Heart Study, the prevalence of PH was similar in iron-deficient and non-iron

deficient subjects. There was no evidence of association between ferritin (or serum iron) lev-

els and PH.

Clinical Implications

Iron deficiency has been associated with IPAH, a rare disorder. However, in a large commu-

nity-based sample of African-Americans, there was no evidence that iron deficiency or low

iron levels were associated with PH.

Introduction

Iron deficiency is the most common nutritional deficiency[1] and the most common cause of

anemia worldwide[2]. Iron plays a critical role in oxygen transport and iron depletion affects

regulation of hypoxia-inducible factors[3]. In a preclinical study, a reduction in iron and ferri-

tin levels resulted in marked pulmonary vascular remodeling that was reversed by iron supple-

mentation[4]. Similarly, studies in humans have noted that iron augmentation or depletion

differentially affect pulmonary vascular responses to hypoxia[5, 6]. Iron deficiency is highly

prevalent in cohorts with idiopathic pulmonary arterial hypertension (PAH)[7–10]. Moreover,

in patients with PAH and iron deficiency, iron augmentation increased exercise endurance

time and aerobic capacity[11]. These preclinical and epidemiological studies suggest that iron

may be an important factor in the regulation of pulmonary hemodynamics and that iron defi-

ciency may contribute to the pathogenesis of pulmonary hypertension.

In the U.S., iron deficiency is most common in young females and is more prevalent in

African-American women than in whites[1]. Pulmonary hypertension is also prevalent in

African-Americans and is more prevalent in African-American females than males[12]. Given

that African-Americans are at risk for both iron deficiency and pulmonary hypertension, and

that these two conditions may be linked pathogenetically, we therefore set out to determine if

iron deficiency was associated with pulmonary hypertension. We examined the association

between iron deficiency and pulmonary hypertension, as determined by echocardiographic

pulmonary artery systolic pressure measurement, in the largest prospective cohort study of

cardiovascular disease in African-Americans, the Jackson Heart Study (JHS).

Methods

We conducted a cross-sectional analysis of data from the JHS. The conduct of the JHS was

approved by the University of Mississippi Medical Center Institutional Review Board. The par-

ticipants gave written informed consent to participate in the research study. Our analysis of

JHS data was reviewed by the Providence VA Medical Center Institutional Review Board and

deemed exempt from ongoing review as it involved the study of existing data.

Population

The JHS is a longitudinal population-based cohort study of cardiovascular disease which

recruited noninstitutionalized adult participants residing in Jackson, MS who self-identified

Iron Deficiency and Pulmonary Hypertension—The Jackson Heart Study

PLOS ONE | DOI:10.1371/journal.pone.0167987 December 14, 2016 2 / 12

collaboration with Jackson State University

(HHSN268201300049C and

HHSN268201300050C), Tougaloo College

(HHSN268201300048C), and the University of

Mississippi Medical Center (HHSN268201300046C

and HHSN268201300047C) contracts from the

National Heart, Lung, and Blood Institute (NHLBI)

and the National Institute for Minority Health and

Health Disparities (NIMHD). The funders had no

role in study design, data collection and analysis,

decision to publish, or preparation of the

manuscript.

Competing Interests: The authors have declared

that no competing interests exist.



as African-Americans[13]. Subjects answered predefined questionnaires and underwent veni-

puncture, including measurements of iron indices, and echocardiography at the time of first/

baseline exam in 2000–2004. The cohort used for the current study included participants that

had available ferritin and iron levels as well as measureable tricuspid regurgitant (TR) jet veloc-

ity on echocardiography (allowing for estimation of the pulmonary artery systolic pressure),

and covariate measurements (detailed below) at the time of the first study visit. Participants

were excluded if they lacked an iron or ferritin level, lacked a measureable TR jet, or lacked

covariate measurements. Participants with a c-reactive protein level greater than 10mg/dl sug-

gestive of an acute inflammatory process were also excluded.

Exposure

The main exposure was iron deficiency. We examined iron deficiency using both serum ferritin

and iron levels as markers. A complete description of the specimen collection procedures and

quality control measures for the Jackson Heart Study is available online.[14] Blood for serum

iron and ferritin levels was drawn at the baseline study visit from the antecubital fossa of supine

subjects who had been fasting by trained technicians. Serum ferritin was measured in nano-

grams/milliliter (ng/ml) using Roche immunoturbimetric assay[15]. The assay’s accuracy based

on recovery criteria has been reported to be within ± 4μg/L (� 8.99 pmol/L,� 4ng/mL) of the

initial value for samples with a ferritin value� 40μg/L (� 89.9 pmol/L,� 40 ng/mL) and

within ± 10% for samples with a ferritin value> 40μg/L[16]. Serum iron was measured in

micrograms/deciliter (ug/dL) using Roche FerroZine colorimetric assay[15]. The assay was

standardized to NIST traceable iron standards and calibrated against control sera from the man-

ufacturer[15].

Iron deficiency was defined based on sex-specific cut-offs with deficiency defined using

serum ferritin values as follows: female <15ng/ml; males <30ng/ml, based on Jackson

Heart Study reference range. Participants were also divided into sample, sex specific quar-

tiles of ferritin with the following cutoffs: Females � 47ng/mL; > 47ng/mL– 95ng/mL; >

95ng/mL– 171ng/mL; > 171ng/mL; Males� 110ng/mL; > 110ng/mL– 182ng/mL; >

182ng/mL– 294ng/mL; > 294ng/mL.

In separate analyses, iron deficiency was alternatively defined using serum iron levels based

on sex-specific cut-offs with deficiency defined as follows: females <30ug/dl; males < 45ug/dl,

based on Jackson Heart Study reference range. Additional analyses were conducted with the

participants divided into sample, sex specific quartiles by iron level with the following cutoffs:

� 57μg/dL; > 57μg/dL– 73μg/dL; > 73μg/dL– 90μg/dL; > 90μg/dL; Males:� 68μg/dL;>

68μg/dL– 84μg/dL; > 84μg/dL– 103μg/dL;> 103μg/dL.

Additionally, we also conducted sensitivity analyses using continuous measures of ferritin

and iron levels. Ferritin was naturally log-transformed for the continuous analysis to approxi-

mate normality.

Outcome

The main outcome was presence of pulmonary hypertension, defined as a pulmonary artery

systolic pressure>40mmHg on baseline echocardiography.

Detailed echocardiography procedures are available online[17]. Briefly, echocardiograms

were recorded by trained sonographers and interpreted by experienced cardiologists in a stan-

dardized manner at the University of Mississippi Medical Center.[17] Standard echocardio-

graphic views were obtained and measurements performed by the interpreting physician who

was blinded to the participants’ clinical data. The pulmonary artery systolic pressure was calcu-

lated by addition of 5mmHg right atrial pressure to the transtricuspid gradient[18].
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Clinical covariates

In addition to age (<55, 55-<65,�65 years) and sex (male, female), the following covariates

were utilized in the statistical models detailed below: body mass index was categorized by

American Heart Association ideal cardiovascular health categorization (poor health:

BMI�30kg/m2; intermediate health: BMI�25, but<30kg/m2; ideal health: BMI<25kg/m2)

[19]. Pulse pressure (in mmHg) was defined as the difference between systolic and diastolic

blood pressures. Systemic hypertension was defined as systolic blood pressure�140mmHg or

diastolic blood pressure�90mmHg or if the subject was using blood pressure lowering medi-

cations[20]. Diabetes was considered present if hemoglobin A1C was�6.5%, if a fasting

plasma glucose was�126mg/dl, or if use of diabetes medications was reported[21]. Coronary

heart disease was considered present if the subject reported a history of coronary heart disease,

a prior abnormal stress test, prior coronary bypass graft, or prior coronary angioplasty, or if

there was EKG evidence of a prior myocardial infarction (per Minnesota code). History of

chronic lung disease was considered present if the subjects responded to the question “Has

your doctor or health professional ever said you have chronic lung disease, such as bronchitis

or emphysema?” in the affirmative at baseline study visit. Spirometry profiles were categorized

into normal, obstructive and restrictive. A normal spirometry profile was defined as an FEV1/

FVC ratio�0.70 and an FVC�80% predicted. An obstructive spirometry profile was defined

as an FEV1/FVC ratio<0.70. A restrictive spirometry profile was defined as an FEV1/FVC

ratio�0.70 with an FVC<80% predicted. Percent predicted values for FVC were derived from

NHANES III data[22]. Ejection fraction was dichotomized into <50% and� 50%. Hemoglo-

bin was measured in grams/deciliter and the level of high sensitive C-reactive protein level was

measured in milligrams per deciliter.

Statistical analysis

We examined the association of iron deficiency with pulmonary hypertension using modified

Poisson regression modeling with a log-link function and robust variance estimator to obtain

prevalence ratios (PR). To analyze the relationship between iron deficiency and pulmonary

hypertension, we performed analyses for binary, quartile and continuous versions of the expo-

sure measurements (ferritin and iron levels).

In the binary analysis, the presence of pulmonary hypertension in iron deficiency (based

on low ferritin or low iron levels) was contrasted with pulmonary hypertension in partici-

pants with non-deficient levels of ferritin or iron. We further examined prevalence ratios

for pulmonary hypertension by quartiles of ferritin or iron levels, contrasting exposure

quartiles 2, 3, and 4 with quartile 1, the referent group. We also analyzed continuous mea-

surements of log-ferritin or iron with results expressed as prevalence ratios for pulmonary

hypertension per 10% change in ferritin and 10ug/dl change in iron, respectively. For the

quartile and continuous outcome analyses, in addition to crude analyses, we also obtained

adjusted prevalence ratios for three separate models. The first model adjusted for age and

sex. The second model included all covariates listed in the above section: age, sex, body

mass index category, pulse pressure, hypertension, diabetes, coronary heart disease, history

of chronic lung disease, spirometry profile and ejection fraction. The second model was

adapted from a model of pulmonary hypertension adapted from Choudhary et al[12]. The

adaptation in this model from the originally published model was the inclusion of an ejec-

tion fraction less than 50%. A third exploratory analysis was performed further adjusting

the second model for hemoglobin and for C-reactive protein.

Analyses were performed using SAS 9.4 (Cary, NC). A two-sided p value less than 0.05 was

considered significant.
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Results

From the JHS cohort (n = 5,301), one hundred and eleven participants were excluded due to

missing iron or ferritin measurement, 1,973 were excluded due to missing TR jet, 415 were

excluded due to missing covariate data, and an additional two were excluded due to having a

highly sensitive c-reactive protein >10 mg/dL (Fig 1). The details of those with complete infor-

mation (n = 2,800) versus those excluded due to missing outcome (pulmonary artery systolic

pressure) or exposure (ferritin or iron level) and those excluded due to missing co-variates or

c-reactive protein >10mg/dL are detailed in S1 Table.

S1 Table shows the baseline characteristics of the cohort used for the present analysis. Of

2,800 with complete information, 140 (5.0%) had iron deficiency based on ferritin levels, while

92 (3.3%) had iron deficiency based on iron levels. The median (interquartile range) pulmo-

nary artery systolic pressure in the study cohort was 27mmHg (23-31mmHg). One hundred

and forty seven participants (5.2%) had pulmonary hypertension. However, only 4 had both

iron deficiency, based on serum ferritin level, and pulmonary hypertension (2.7% of those

with pulmonary hypertension), while only 7 had iron deficiency, based on serum iron level,

and pulmonary hypertension (4.8% of those with pulmonary hypertension) (Fig 2, S2 Table).

The crude prevalence ratio for PH for those with iron deficiency based on low ferritin level

was 0.5 (95% confidence interval 0.2–1.4) and based on low iron level was 1.5 (95% confidence

interval 0.7–3.1) (S2 Table).

Fig 1. Details of analysis sample derivation.

doi:10.1371/journal.pone.0167987.g001

Iron Deficiency and Pulmonary Hypertension—The Jackson Heart Study

PLOS ONE | DOI:10.1371/journal.pone.0167987 December 14, 2016 5 / 12



The baseline characteristics of the study cohort, stratified by quartiles of ferritin, are shown

in Table 1. Participants in the highest quartile of ferritin were more likely to be in a middle-

aged or older age group, to have a BMI�30kg/m2, and to have hypertension, diabetes, and a

higher pulse pressure and higher c-reactive protein levels compared to the lowest quartile.

However, spirometry profiles and proportions of participants with a decreased left ventricular

ejection fraction were similar across the quartiles. Of note, hemoglobin was lowest in the low-

est quartile of ferritin, while C-reactive protein was highest in the highest quartile.

We found no evidence of association in age- and sex-adjusted prevalence ratios for pulmo-

nary hypertension across the quartiles of ferritin (Table 2). For example, the prevalence ratio

for PH in the highest quartile of ferritin was 0.8 (95% CI 0.5–1.2), not significantly different

than the lowest quartile. Further adjustment for factors in our second and third pulmonary

hypertension models did not affect these results. Analyses based on quartiles of iron showed

similar results.

Further analysis of the relationship between ferritin or iron levels as continuous variables

and pulmonary hypertension showed no evidence of an association between PH and serum

ferritin or iron levels. For example, for every 10% increase in ferritin, the age- and sex-adjusted

prevalence ratio for PH was 1.0 (95% confidence interval 1.0–1.0) (Table 2).

Fig 2. Venn diagram of pulmonary hypertension (n = 147) and iron deficiency based on low ferritin levels (n = 140) in the

Jackson Heart Study cohort. Only 4 participants had both iron deficiency and pulmonary hypertension.

doi:10.1371/journal.pone.0167987.g002
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Table 1. Baseline demographics of the analysis sample and stratified by quartiles of ferritin.

Characteristic Analysis

Samplen

(%)

Quartile 1 n = 728

(Ferritin� 47ng/mL

females,� 110ng/mL

males)n (%)

Quartile 2 n = 728

(Ferritin > 47ng/mL–

95ng/mL females, >
110ng/mL– 182ng/mL

males)n (%)

Quartile 3 n = 686

(Ferritin > 95ng/mL–

171ng/mL females, >
182ng/mL– 294ng/mL

males)(n%)

Quartile 4

n = 734 (Ferritin

>171ng/mL

females,

>294ng/mL

males)n (%)

P values for

comparison

across quartiles

Total 2,800 712 714 665 709

Iron Quartilea <0.001

Q1 675 (24.1) 290 (40.7) 139 (19.5) 135 (20.3) 111 (15.7)

Q2 695 (24.8) 140 (19.7) 197 (27.6) 179 (26.9) 179 (25.2)

Q3 705 (25.2) 121 (17.0) 182 (25.5) 174 (26.2) 228 (32.2)

Q4 725 (25.9) 161 (22.6) 196 (27.5) 177 (26.6) 191 (26.9)

Iron (μg/dL)b 77 (61, 95) 68.0 (50.0, 92.0) 79.0 (64.0, 96.0) 79.0 (63.0, 97.0) 81.0 (67.0, 96.0) <0.001

Male 0.66

No 1,882

(67.2)

468 (65.7) 490 (68.6) 443 (66.6) 481 (67.8)

Yes 918 (32.8) 244 (34.3) 224 (31.4) 222 (33.4) 228 (32.2)

Age (years) <0.001

< 55 1,282

(45.8)

451 (63.3) 333 (46.6) 268 (40.3) 230 (32.4)

55 - < 65 811 (29.0) 119 (16.7) 196 (27.5) 222 (33.4) 274 (38.6)

� 65 707 (25.3) 142 (19.9) 185 (25.9) 175 (26.3) 205 (28.9)

BMI Health <0.001

Poor 1,425

(50.9)

322 (45.2) 346 (48.5) 360 (54.1) 397 (56.0)

Intermediate 958 (34.2) 251 (35.3) 264 (37.0) 208 (31.3) 235 (33.1)

Ideal 417 (14.9) 139 (19.5) 104 (14.6) 97 (14.6) 77 (10.9)

Pulse Pressure

(mm Hg)b
45 (37, 56) 43.0 (36.0, 54.0) 44.0 (37.0, 54.0) 46.0 (37.0, 58.0) 47.0 (39.0, 57.0) <0.001

Hypertension <0.001

No 1,171

(41.8)

358 (50.3) 317 (44.4) 265 (39.8) 231 (32.6)

Yes 1,629

(58.2)

354 (49.7) 397 (55.6) 400 (60.2) 478 (67.4)

Diabetes <0.001

No 2,272

(81.1)

636 (89.3) 583 (81.7) 539 (81.1) 514 (72.5)

Yes 528 (18.9) 76 (10.7) 131 (18.3) 126 (18.9) 195 (27.5)

Coronary Heart

Disease

0.67

No 2,514

(89.8)

632 (88.8) 648 (90.8) 597 (89.8) 637 (89.8)

Yes 286 (10.2) 80 (11.2) 66 (9.2) 68 (10.2) 72 (10.2)

History of

Chronic Lung

Disease

0.74

No 2,612

(93.3)

663 (93.1) 672 (94.1) 620 (93.2) 657 (92.7)

Yes 188 (6.7) 49 (6.9) 42 (5.9) 45 (6.8) 52 (7.3)

Spirometry

Profile

0.79

Normal 2,004

(71.6)

521 (73.2) 517 (72.4) 472 (71.0) 494 (69.7)

(Continued )
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Discussion

In the current study, we found that iron deficiency, based on low serum ferritin or iron levels,

was present in only a small number of participants in the Jackson Heart Study with pulmonary

hypertension by echocardiogram. We found no evidence of association between iron defi-

ciency or low iron/ferritin levels and pulmonary hypertension.

While our study is the first, to our knowledge, to report on the association between iron

deficiency and pulmonary hypertension in a cohort from the general population, a smaller

prior study by Altintas et al examined the prevalence of pulmonary hypertension in a group of

patients with essential thrombocythemia (n = 46) in comparison to a control group with iron

deficiency and resultant reactive thrombocytosis (n = 40)[23]. Pulmonary hypertension,

defined as an estimated right ventricular systolic pressure>35mmHg in this study, was

observed in 22/46 (48%) with essential thrombocythemia, but in 0/40 (0%) with iron defi-

ciency and reactive thrombocytosis[23]. Our results support this study’s finding that there is

no evidence that pulmonary hypertension is a characteristic of iron deficiency.

A recently published study by Frise et al showed that while there was no difference in pul-

monary artery systolic pressure in 13 subjects with iron deficiency and a group of age- and

sex-matched controls without iron deficiency under normoxic conditions, the iron deficient

group had a greater rise in PASP following hypoxic exposure as compared to the iron replete

group[24]. Furthermore, infusion of intravenous iron attenuated the rise in PASP with hyp-

oxia in both groups, but the magnitude of attenuation was greater in the iron deficient group

[24]. This study indicates that iron may play an important role in the hypoxic pulmonary vas-

cular response. The cohort we studied underwent measurement of PASP in Jackson, MS, close

to sea level. Therefore, our finding of a lack of evidence of association of iron deficiency with

pulmonary hypertension under near sea level conditions is consistent with Frise et al’s findings

during normoxia. However, there is a possibility that iron deficiency could be associated with

pulmonary hypertension in setting of hypoxia, such as high altitude residents or visitors.

Table 1. (Continued)

Characteristic Analysis

Samplen

(%)

Quartile 1 n = 728

(Ferritin� 47ng/mL

females,� 110ng/mL

males)n (%)

Quartile 2 n = 728

(Ferritin > 47ng/mL–

95ng/mL females, >
110ng/mL– 182ng/mL

males)n (%)

Quartile 3 n = 686

(Ferritin > 95ng/mL–

171ng/mL females, >
182ng/mL– 294ng/mL

males)(n%)

Quartile 4

n = 734 (Ferritin

>171ng/mL

females,

>294ng/mL

males)n (%)

P values for

comparison

across quartiles

Obstructive 244 (8.7) 63 (8.8) 60 (8.4) 57 (8.6) 64 (9.0)

Restrictive 552 (19.7) 128 (18.0) 137 (19.2) 136 (20.5) 151 (21.3)

Left Ventricle

Ejection Fraction

(< 50%)

0.32

No 2,727

(97.4)

691 (97.1) 701 (98.2) 643 (96.7) 692 (97.6)

Yes 73 (2.6) 21 (2.9) 13 (1.8) 22 (3.3) 17 (2.4)

Hemoglobin (g/

dL)b
13 (12, 14) 12.7 (11.7, 13.6) 13.0 (12.2, 13.9) 13.0 (12.2, 13.9) 13.1 (12.3, 14.0) <0.001

Highly Sensitive

C-Reactive

Protein (mg/dL)b

0.3 (0.1,

0.5)

0.22 (0.09, 0.50) 0.25 (0.09, 0.52) 0.26 (0.11, 0.54) 0.29 (0.13, 0.59) <0.001

a Females: Quartile 1� 57μg/dL; Quartile 2 > 57μg/dL– 73μg/dL; Quartile 3 > 73μg/dL– 90μg/dL; Quartile 4 > 90μg/dL

Males: Quartile 1� 68μg/dL; Quartile 2 > 68μg/dL– 84μg/dL; Quartile 3 > 84μg/dL– 103μg/dL; Quartile 4 > 103μg/dL
b Median (Quartile 1, Quartile 3)

doi:10.1371/journal.pone.0167987.t001
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Our results are in contrast to prior human studies showing an elevated prevalence of iron

deficiency in patients with pulmonary arterial hypertension, including patients with both idio-

pathic[7–9] and heritable pulmonary hypertension[9]. Since the JHS population was recruited

from the community population and has a high burden of cardiopulmonary comorbidities,

the majority of PH observed in this cohort is likely non-PAH PH. Therefore, our data suggests

that, in contrast to what has been observed in PAH cohorts, other forms of pulmonary hyper-

tension may not show evidence of association with iron deficiency or iron/ ferritin levels.

This interpretation is supported by results from some other studies as well. In a study by

Soon et al, iron deficiency was prevalent in patients with idiopathic pulmonary arterial hyper-

tension (point prevalence of iron deficiency of 30.1%), especially pre-menopausal women

(point prevalence of iron deficiency of 50.0%), but the prevalence of iron deficiency in a con-

trol group with chronic thromboembolic pulmonary hypertension was only 4.9%[9]. This

prevalence estimate is similar to what is described in the general population[1] and was similar

to the prevalence of iron deficiency in the JHS cohort at 5.0% (by ferritin level). Similarly,

another study in chronic thromboembolic pulmonary hypertension patients found no

Table 2. Association of Ferritin and Iron with Pulmonary Hypertension in the JHS analysis sample,

n = 2,800.

Model 1a PR (95% CL) Model 2b PR (95% CL) Model 3c PR (95% CL)

Ferritin

Continuousd 1.0 (1.0, 1.0) 1.0 (1.0, 1.0) 1.0 (1.0, 1.0)

Quartilee

1 1 (ref) 1 (ref) 1 (ref)

2 1.1 (0.7, 1.6) 1.1 (0.7, 1.7) 1.1 (0.7, 1.8)

3 0.8 (0.5, 1.3) 0.8 (0.5, 1.3) 0.8 (0.5, 1.3)

4 0.8 (0.5, 1.2) 0.8 (0.5, 1.3) 0.8 (0.5, 1.4)

Iron

Continuousf 0.9 (0.9, 1.0) 1.0 (0.9, 1.0) 1.0 (0.9, 1.1)

Quartileg

1 1 (ref) 1 (ref) 1 (ref)

2 0.7 (0.5, 1.1) 0.8 (0.5, 1.3) 0.9 (0.6, 1.4)

3 0.7 (0.5, 1.1) 0.8 (0.6, 1.3) 0.9 (0.6, 1.5)

4 0.7 (0.5, 1.1) 1.0 (0.7, 1.5) 1.1 (0.7, 1.8)

a Adjusted for age and sex
bAdjusted for age, sex, BMI, pulse pressure, hypertension, diabetes, coronary heart disease, history of

chronic lung disease, spirometry profile, left ventricle ejection fraction
cAdjusted for age, sex, BMI, pulse pressure, hypertension, diabetes, coronary heart disease, history of

chronic lung disease, spirometry profile, left ventricle ejection fraction, hemoglobin, highly sensitive c-

reactive protein
dPrevalence Ratio expressed per 10% increase ln ferritin
e Ferritin Females: Quartile 1� 47ng/mL; Quartile 2 > 47ng/mL– 95ng/mL; Quartile 3 > 95ng/mL– 171ng/

mL; Quartile 4 > 171ng/mL

Ferritin Males: Quartile 1� 110ng/mL; Quartile 2 > 110ng/mL– 182ng/mL; Quartile 3 > 182ng/mL– 294ng/

mL; Quartile 4 > 294ng/mL
fPrevalence Ratio expressed per 10μg/dL increase in iron
gIron Females: Quartile 1 � 57μg/dL; Quartile 2 > 57μg/dL– 73μg/dL; Quartile 3 > 73μg/dL– 90μg/dL;

Quartile 4 > 90μg/dL

Iron Males: Quartile 1� 68μg/dL; Quartile 2 > 68μg/dL– 84μg/dL; Quartile 3 > 84μg/dL– 103μg/dL; Quartile

4 > 103μg/dL

doi:10.1371/journal.pone.0167987.t002
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difference in iron parameters between patients with chronic thromboembolic pulmonary

hypertension and controls[25]. In a study examining zinc-protoporphyrin to heme ratio as a

marker of iron deficiency or altered iron metabolism, a high zinc-protoporphyrin to heme

ratio was noted in idiopathic pulmonary arterial hypertension patients, and this ratio was

related to disease severity, but a similarly high ratio was not observed in associated pulmonary

arterial hypertension of various causes[26]. These studies suggest that iron deficiency or iron-

handling abnormalities are not universal to all forms of pulmonary hypertension, but may be

particular to idiopathic or heritable pulmonary arterial hypertension.

Our study does not support a straightforward direct mechanistic association between iron

deficiency and pulmonary hypertension in humans as observed in preclinical studies. In a rat

model utilizing adult Sprague-Dawley rats, rats exposed to an iron deficient diet developed low

serum and tissue iron levels and anemia. In this model, dietary iron deficiency was sufficient to

induce elevations in pulmonary arterial pressure and pulmonary vascular resistance by itself, as

well as histological evidence of pulmonary vascular remodeling[4]. However, we did not find

any association between iron deficiency and low iron and ferritin levels with presence of pulmo-

nary hypertension. This may be related to severity or acuity of iron deficiency induced in the

animal models, or species-specific differences in response of the pulmonary circulation to iron

deficiency.

Our study has several limitations. Being cross-sectional in nature, we cannot determine the

length of time participants had iron deficiency; if there is a relationship between pulmonary

hypertension and iron deficiency, sufficient time in an iron deficient state may be needed to

allow development of elevated pulmonary artery pressures. In idiopathic pulmonary arterial

hypertension patients, iron deficiency may be a marker for other abnormalities, such as

impaired regulation of hypoxia-inducible factors or inflammation that contribute to pulmo-

nary hypertension[3]. We could not assay factors such as hypoxia-inducible factor that may be

important in the pathogenesis of pulmonary hypertension in iron-dysregulated states. Right

heart catheterization was not performed in the study population, and echocardiographic esti-

mates of pulmonary artery systolic pressure may have resulted in categorization of patients as

having pulmonary hypertension who actually had normal pulmonary artery pressures, poten-

tially biasing our results. However, we did note an elevated prevalence of pulmonary hyperten-

sion in association with risk factors for pulmonary hypertension such as airflow obstruction.

In summary, in a large community-based sample of African-Americans, there was no evi-

dence that iron deficiency or low iron levels were associated with pulmonary hypertension.

Supporting Information

S1 Table. Characteristics of the analysis sample and excluded participants.

(DOCX)

S2 Table. Demographics of individuals with pulmonary hypertension in the analysis sam-

ple.

(DOCX)

Acknowledgments

This material is based on work supported by the Department of Veterans Affairs. The views

expressed in this manuscript are those of the authors and do not necessarily represent the

views of the National Heart, Lung, and Blood Institute; the National Institutes of Health; the

U.S. Department of Health and Human Services; the Department of Veterans Affairs; or the

Iron Deficiency and Pulmonary Hypertension—The Jackson Heart Study

PLOS ONE | DOI:10.1371/journal.pone.0167987 December 14, 2016 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167987.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0167987.s002


United States government. The authors also wish to thank the staffs and participants of the

JHS.

Author Contributions

Conceptualization: MJ SKE W-CW GC.

Data curation: BE.

Formal analysis: MJ BE GC.

Methodology: MJ BE SKE W-CW GC.

Project administration: MJ GC.

Resources: BE GC.

Software: BE GC.

Supervision: GC.

Visualization: MJ BE.

Writing – original draft: MJ.

Writing – review & editing: MJ BE SKE W-CW GC.

References
1. Iron deficiency—United States, 1999–2000. MMWR Morbidity and mortality weekly report. 2002; 51

(40):897–9. Epub 2002/11/07. PMID: 12418542

2. Miller JL. Iron deficiency anemia: a common and curable disease. Cold Spring Harbor perspectives in

medicine. 2013; 3(7). Epub 2013/04/25. PubMed Central PMCID: PMCPmc3685880.

3. Robinson JC, Graham BB, Rouault TC, Tuder RM. The crossroads of iron with hypoxia and cellular

metabolism. Implications in the pathobiology of pulmonary hypertension. American journal of respira-

tory cell and molecular biology. 2014; 51(6):721–9. Epub 2014/07/06. PubMed Central PMCID:

PMCPmc4291546. doi: 10.1165/rcmb.2014-0021TR PMID: 24988529

4. Cotroneo E, Ashek A, Wang L, Wharton J, Dubois O, Bozorgi S, et al. Iron homeostasis and pulmonary

hypertension: iron deficiency leads to pulmonary vascular remodeling in the rat. Circulation research.

2015; 116(10):1680–90. Epub 2015/03/15. doi: 10.1161/CIRCRESAHA.116.305265 PMID: 25767292

5. Smith TG, Talbot NP, Privat C, Rivera-Ch M, Nickol AH, Ratcliffe PJ, et al. Effects of iron supplementa-

tion and depletion on hypoxic pulmonary hypertension: two randomized controlled trials. Jama. 2009;

302(13):1444–50. Epub 2009/10/08. doi: 10.1001/jama.2009.1404 PMID: 19809026

6. Smith TG, Balanos GM, Croft QP, Talbot NP, Dorrington KL, Ratcliffe PJ, et al. The increase in pulmo-

nary arterial pressure caused by hypoxia depends on iron status. The Journal of physiology. 2008; 586

(24):5999–6005. Epub 2008/10/29. PubMed Central PMCID: PMCPmc2655431. doi: 10.1113/jphysiol.

2008.160960 PMID: 18955380

7. Rhodes CJ, Howard LS, Busbridge M, Ashby D, Kondili E, Gibbs JS, et al. Iron deficiency and raised

hepcidin in idiopathic pulmonary arterial hypertension: clinical prevalence, outcomes, and mechanistic

insights. Journal of the American College of Cardiology. 2011; 58(3):300–9. Epub 2011/07/09. doi: 10.

1016/j.jacc.2011.02.057 PMID: 21737024

8. Ruiter G, Lankhorst S, Boonstra A, Postmus PE, Zweegman S, Westerhof N, et al. Iron deficiency is

common in idiopathic pulmonary arterial hypertension. The European respiratory journal. 2011; 37

(6):1386–91. Epub 2010/10/05. doi: 10.1183/09031936.00100510 PMID: 20884742

9. Soon E, Treacy CM, Toshner MR, MacKenzie-Ross R, Manglam V, Busbridge M, et al. Unexplained

iron deficiency in idiopathic and heritable pulmonary arterial hypertension. Thorax. 2011; 66(4):326–32.

Epub 2011/02/08. doi: 10.1136/thx.2010.147272 PMID: 21297151

10. van Empel VP, Lee J, Williams TJ, Kaye DM. Iron deficiency in patients with idiopathic pulmonary arte-

rial hypertension. Heart, lung & circulation. 2014; 23(3):287–92. Epub 2013/10/08.

11. Ruiter G, Manders E, Happe CM, Schalij I, Groepenhoff H, Howard LS, et al. Intravenous iron therapy in

patients with idiopathic pulmonary arterial hypertension and iron deficiency. Pulmonary circulation.

Iron Deficiency and Pulmonary Hypertension—The Jackson Heart Study

PLOS ONE | DOI:10.1371/journal.pone.0167987 December 14, 2016 11 / 12

http://www.ncbi.nlm.nih.gov/pubmed/12418542
http://dx.doi.org/10.1165/rcmb.2014-0021TR
http://www.ncbi.nlm.nih.gov/pubmed/24988529
http://dx.doi.org/10.1161/CIRCRESAHA.116.305265
http://www.ncbi.nlm.nih.gov/pubmed/25767292
http://dx.doi.org/10.1001/jama.2009.1404
http://www.ncbi.nlm.nih.gov/pubmed/19809026
http://dx.doi.org/10.1113/jphysiol.2008.160960
http://dx.doi.org/10.1113/jphysiol.2008.160960
http://www.ncbi.nlm.nih.gov/pubmed/18955380
http://dx.doi.org/10.1016/j.jacc.2011.02.057
http://dx.doi.org/10.1016/j.jacc.2011.02.057
http://www.ncbi.nlm.nih.gov/pubmed/21737024
http://dx.doi.org/10.1183/09031936.00100510
http://www.ncbi.nlm.nih.gov/pubmed/20884742
http://dx.doi.org/10.1136/thx.2010.147272
http://www.ncbi.nlm.nih.gov/pubmed/21297151


2015; 5(3):466–72. Epub 2015/09/25. PubMed Central PMCID: PMCPmc4556497. doi: 10.1086/

682217 PMID: 26401247

12. Choudhary G, Jankowich M, Wu WC. Prevalence and clinical characteristics associated with pulmonary

hypertension in African-Americans. PloS one. 2013; 8(12):e84264. Epub 2013/12/21. PubMed Central

PMCID: PMCPmc3865255. doi: 10.1371/journal.pone.0084264 PMID: 24358351

13. Taylor HA Jr., Wilson JG, Jones DW, Sarpong DF, Srinivasan A, Garrison RJ, et al. Toward resolution

of cardiovascular health disparities in African Americans: design and methods of the Jackson Heart

Study. Ethnicity & disease. 2005; 15(4 Suppl 6):S6-4-17. Epub 2005/12/02.

14. Jackson Heart Study Protocol. Manual 9. Central Laboratory and Specimen Repository. Specimen Col-

lectiona nd Processing. Visit 1. https://www.jacksonheartstudy.org/Portals/0/pdf/manuals1/Specimen_

Repository_manual9_02-15-2001(1).pdf. Accessed 5/31/2016.

15. Li J, Lange LA, Duan Q, Lu Y, Singleton AB, Zonderman AB, et al. Genome-wide admixture and associ-

ation study of serum iron, ferritin, transferrin saturation and total iron binding capacity in African Ameri-

cans. Human molecular genetics. 2015; 24(2):572–81. Epub 2014/09/17. PubMed Central PMCID:

PMCPmc4334839. doi: 10.1093/hmg/ddu454 PMID: 25224454

16. https://pim-eservices.roche.com/eLD/(S(1bkzjxlgf1gfgahvfnsecbmq))/ph/en/Documents/

GetDocument?documentId=8300fa82-3711-e611-669d-00215a9b3428. Accessed August 16th, 2016.

17. Jackson Heart Study Protocol. Manual 6. Echocardiography. Visit 1. https://www.jacksonheartstudy.

org/Portals/0/pdf/manuals1/Echocardiography_manual6.pdf. Accessed 5/31/2016.

18. Lam CS, Borlaug BA, Kane GC, Enders FT, Rodeheffer RJ, Redfield MM. Age-associated increases in

pulmonary artery systolic pressure in the general population. Circulation. 2009; 119(20):2663–70. Epub

2009/05/13. PubMed Central PMCID: PMCPmc2753443. doi: 10.1161/CIRCULATIONAHA.108.

838698 PMID: 19433755

19. Lloyd-Jones DM, Hong Y, Labarthe D, Mozaffarian D, Appel LJ, Van Horn L, et al. Defining and setting

national goals for cardiovascular health promotion and disease reduction: the American Heart Associa-

tion’s strategic Impact Goal through 2020 and beyond. Circulation. 2010; 121(4):586–613. Epub 2010/

01/22. doi: 10.1161/CIRCULATIONAHA.109.192703 PMID: 20089546

20. Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, Izzo JL Jr., et al. The Seventh Report of

the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pres-

sure: the JNC 7 report. Jama. 2003; 289(19):2560–72. Epub 2003/05/16. doi: 10.1001/jama.289.19.

2560 PMID: 12748199

21. Diagnosis and classification of diabetes mellitus. Diabetes care. 2010; 33 Suppl 1:S62–9. Epub 2010/

01/29. PubMed Central PMCID: PMCPmc2797383.

22. Hankinson JL, Odencrantz JR, Fedan KB. Spirometric reference values from a sample of the general U.

S. population. American journal of respiratory and critical care medicine. 1999; 159(1):179–87. Epub

1999/01/05. doi: 10.1164/ajrccm.159.1.9712108 PMID: 9872837

23. Altintas A, Karahan Z, Pasa S, Cil T, Boyraz T, Iltumur K, et al. Pulmonary hypertension in patients with

essential thrombocythemia and reactive thrombocytosis. Leukemia & lymphoma. 2007; 48(10):1981–7.

Epub 2007/09/14.

24. Frise MC, Cheng HY, Nickol AH, Curtis MK, Pollard KA, Roberts DJ, et al. Clinical iron deficiency dis-

turbs normal human responses to hypoxia. The Journal of clinical investigation. 2016; 126(6):2139–50.

Epub 2016/05/04. PubMed Central PMCID: PMCPmc4887172. doi: 10.1172/JCI85715 PMID:

27140401

25. Xi Q, Liu Z, Liu W, Zhao Z, Luo Q, Huang Z. Chronic thromboembolic pulmonary hypertension is not

associated with iron overload. Cardiovascular pathology: the official journal of the Society for Cardiovas-

cular Pathology. 2015; 24(2):76–9. Epub 2014/12/03.

26. Decker I, Ghosh S, Comhair SA, Farha S, Tang WH, Park M, et al. High levels of zinc-protoporphyrin

identify iron metabolic abnormalities in pulmonary arterial hypertension. Clinical and translational sci-

ence. 2011; 4(4):253–8. Epub 2011/09/03. PubMed Central PMCID: PMCPmc3575639. doi: 10.1111/j.

1752-8062.2011.00301.x PMID: 21884511

Iron Deficiency and Pulmonary Hypertension—The Jackson Heart Study

PLOS ONE | DOI:10.1371/journal.pone.0167987 December 14, 2016 12 / 12

http://dx.doi.org/10.1086/682217
http://dx.doi.org/10.1086/682217
http://www.ncbi.nlm.nih.gov/pubmed/26401247
http://dx.doi.org/10.1371/journal.pone.0084264
http://www.ncbi.nlm.nih.gov/pubmed/24358351
https://www.jacksonheartstudy.org/Portals/0/pdf/manuals1/Specimen_Repository_manual9_02-15-2001(1).pdf
https://www.jacksonheartstudy.org/Portals/0/pdf/manuals1/Specimen_Repository_manual9_02-15-2001(1).pdf
http://dx.doi.org/10.1093/hmg/ddu454
http://www.ncbi.nlm.nih.gov/pubmed/25224454
https://pim-eservices.roche.com/eLD/(S(1bkzjxlgf1gfgahvfnsecbmq))/ph/en/Documents/GetDocument?documentId=8300fa82-3711-e611-669d-00215a9b3428
https://pim-eservices.roche.com/eLD/(S(1bkzjxlgf1gfgahvfnsecbmq))/ph/en/Documents/GetDocument?documentId=8300fa82-3711-e611-669d-00215a9b3428
https://www.jacksonheartstudy.org/Portals/0/pdf/manuals1/Echocardiography_manual6.pdf
https://www.jacksonheartstudy.org/Portals/0/pdf/manuals1/Echocardiography_manual6.pdf
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.838698
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.838698
http://www.ncbi.nlm.nih.gov/pubmed/19433755
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.192703
http://www.ncbi.nlm.nih.gov/pubmed/20089546
http://dx.doi.org/10.1001/jama.289.19.2560
http://dx.doi.org/10.1001/jama.289.19.2560
http://www.ncbi.nlm.nih.gov/pubmed/12748199
http://dx.doi.org/10.1164/ajrccm.159.1.9712108
http://www.ncbi.nlm.nih.gov/pubmed/9872837
http://dx.doi.org/10.1172/JCI85715
http://www.ncbi.nlm.nih.gov/pubmed/27140401
http://dx.doi.org/10.1111/j.1752-8062.2011.00301.x
http://dx.doi.org/10.1111/j.1752-8062.2011.00301.x
http://www.ncbi.nlm.nih.gov/pubmed/21884511

